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Abstract 
Polyelectrolytes and polyampholytes are sensitive to external stimuli such as pH, or ionic 
strength and undergo volume phase transitions due to exposure to such stimuli. These 
polymers can be in or between one of two states; swollen or collapsed. The transition between 
these states can be used as a "switch" to change the rheological properties of a polymer 
solution or suspension. The resulting colloidal stimuli sensitive suspensions have a wide 
range of applications and there is significant interest in filtration and oil field applications. 
The research carried out, entailed the synthesis and characterisation of stimuli sensitive 
microgels. 
A novel and very simple mechanical cutting method to produce surfactant free responsive 
microgel particles is introduced. A series of pH, temperature and both pH and temperature 
sensitive hydrogels composed of various vinyl monomers such as methacrylic acid, 2-
(dimethylamino) ethyl methacrylate, acrylamide and A'-isopropylacryrlamide were 
synthesised. Bulk hydrogels were crosslinked with varying amounts of N,N-
methylenebisacrylamide and characterised by swelling experiments and compression tests to 
determine the compression moduli. The hydrogels were dispersed using a high shear 
mechanical cutting technique to form surfactant free microgel suspensions. As the speed or 
duration of cutting was increased the mean particle size decreased. The resulting microgel 
suspensions were characterised by light scattering, microscopy, electrophoresis and 
rheological measurements. 
Typically microgels are synthesised via emulsion polymerisation techniques which require 
surfactants and have limitations on the range of sizes of microgels synthesised which are 
typically no more than 10 micrometres. This new technique allows the synthesis of microgels 
from a few micrometres up to mm size. The technique also requires no surfactants which can 
be expensive and is suitable for large scale production which is required for oil field 
applications. 
The capability of microgels suspensions to control fluid loss is of particular interest and was 
investigated by the filtration through a bed of modified glass beads under pressure. The ability 
of the microgel suspensions to control fluid loss through the filter bed was shown to vary 
depending on the degree of swelling of the microgels, which in turn can be controlled by 
altering the pH of the suspensions. 
Glass beads with various surface properties were used to make model reservoirs. The surface 
properties of the glass beads were shown to influence the rate of fluid loss therefore indicating 
that adhesion between the filter bed and the microgels is a significant factor affecting the rate 
of fluid loss. The modified glass beads were characterised by microscopy, ^-potential and 
wettability measurements, and the pore diameter of the packed bed was also characterised. 
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Introduction 
Crude oil, gas and coal are formed over millions of years by the heating and 
compression of organic material. The organic material first of all metamorphosis into 
kerogen and then into hydrocarbons through a process called categenesis \ The 
resulting hydrocarbons are less dense than the surrounding rock and therefore migrate 
upwards until they become trapped under impermeable rocks. Oil therefore 
accumulates in porous and permeable rocks forming reservoirs under impermeable 
rock layers. The oil in the reservoirs is under hydrostatic pressure and therefore when 
a well is drilled through the impermeable rock, the oil initially flows out of the well 
due to pressure difference between the reservoir and the surface. This typically 
recovers up to 15 % of the total oil in the reservoir " and is called primary recovery. 
A simple schematic of oil flow from hydrocarbon containing rocks to a well is shown 
in Fig. 1. 
—• 
Hydrocarbons 4— Hydrocarbons 
< -
4— 
Hydrocarbon 
bearing rock 
ronnatifNi 
Fig. 1: Schematic of a side view of an oil well 
In secondary oil recovery the pressure difference between the surface and the 
reservoir is maintained by injecting fluids or gases into the reservoir After 
secondary oil recovery, typically up to two thirds of the oil remains in the reservoir. 
Tertiary oil recovery utilises gases, chemical or thermal energy to extract oil after the 
19 
secondary recovery has become unsustainable Enhanced oil recovery (EOR) is 
often defined as secondary or tertiary methods that do not entail pressure maintenance 
of the reservoir EOR techniques include the reduction of capillary forces by the 
addition of surfactants to water that is used for displacement of oil \ Thermal 
recovery processes including steam injection are also used as well as combustion 
methods and CO2 injection 
One method of well stimulation of particular interest to all recovery processes is 
hydraulic fracturing. It is a technique that is used to create and extend a fracture from 
the well bore into the hydrocarbon containing rock. A schematic of an aerial view of 
an oil well before and after hydrauUc fracturing is shown in Fig. 2 and Fig. 3 
respectively. The grey area in Fig. 2 represents the initial fracture caused by 
explosives. The resulting fracture allows the oil or gas to move more easily from the 
rock to the well as the oil or gas no longer has to diffiise through the surrounding 
rock. Water, a proppant (e.g. sand), polymeric and other additives are pumped down 
the well in to the hydrocarbon containing rock. The polymer prevents water loss into 
the hydrocarbon containing rock, which therefore maintains the water pressure and 
drives the fracture forward. The polymer is crosslinked to increase the viscosity of 
the fluid pumped down into the well therefore preventing the proppant from 
sedimenting. Once pumping has stopped the proppant is required to prevent the 
fracture from closing. However, the crosslinked polymer prevents the oil flowing out 
of the rock and into the well. Therefore the polymer is removed by various methods 
including the use of enzymes ' and concentrated acid/base to degrade the polymer. 
Once the polymer has been removed the oil flows out through the fracture and into the 
well bore. 
Hydrocarbons 
Fig. 2: Schematic of an aerial view of an oil weU before hydraulic fracturing 
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Fig. 3: Schematic of an aerial view of an oil wdl after hydraulic fracturing 
The main problem of this technique is the removal of the polymer from the rock and 
proppant. The polymer adheres to the rock and reduces the hydrocarbon flow from the 
porous rock which typically has pores in the range of 1-10 jun. Because of the 
problems involved in cleaning the well, it is desirable to find an alternative means to 
control the fluid loss as well as the viscosity of the fluid. This would enable easier 
clean up of the well. One possible solution to this is the use of stimuli sensitive 
microgels which can be "switched" between two states: swollen and collapsed. 
Whilst in the swollen state the microgels would raise the viscosity of the fluid and 
block the pores of the rock and enable hydraulic fracturing. The microgels could then 
be stimulated and collapse unblocking the pores of the rock and allowing the oil to 
flow out towards the well. This could be achieved in one of two ways, Microgels of 
the correct size to block the rock pores could be used for the hydraulic fracturing, and 
then an external stimulant could be released causing the microgels to collapse. 
Alternatively, a swollen microgel system could be used which over a given time 
period collapses due to changing conditions down the well, such as the pH. This 
could be a much more cost effective method as no stimulant would be required once 
the hydraulic fracturing was completed. 
Objectives 
The objective of this research is to devise a method to synthesise micrometre sized 
stimuli sensitive hydrogel particles in a fast, reUable and efficient way. The rheology 
of the resulting suspensions needs to be controllable to enable the support of 
proppants, such as sand beads. This will provide potential alternatives to currently 
used polymer systems for hydraulic fracturing. The new system needs to reduce the 
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flow of water through porous media (natural or synthetic) and therefore enable 
hydraulic fracturing. The system should ideally be "switched" in some way to allow 
efficient well clean up after hydraulic fracture treatment. The mechanical properties 
of the polymer system must be sufficiently high as they must resist pressure which 
would cause deformation and push the polymer particles in to the rock pores. The 
adhesion between the microgels and rock surfaces should be determined. The 
filtration behaviour of the polymer particles with respect to model reservoirs as a 
measure of fluid loss control will be characterised. This would enable the selection of 
suitable systems for potential use in oil reservoirs. Fig. 4 shows an outline of research 
activities and how they correlate with each other. 
One potential method for hydraulic fracturing is the use of stimuli sensitive gels 
which can be swollen or collapsed by external stimuli. Stimuli sensitive gels such as 
hydrogels can be classified into three different categories depending on their size. 
The first are macrogels often referred to as hydrogels which are gels with dimensions 
greater than several millimetres. The second are microgels which are hydrogel 
particles which have diameters in the micrometre range and the third are nanogels 
which are also hydrogel particles with dimensions in the nanometre range. Ideally a 
well designed polymer system as a replacement to currently used polymers should be 
able to block pores in the rock with 1-10 [im diameters. It is obvious that nanogels 
are far too small for this purpose. To enable pumping of the gels down the oil well 
macrogels are unsuitable. Therefore microgels larger than 10 pm are well suited for 
both blocking pores and pumping. Microgels which have diameters smaller than 10 
p,m when swollen will only block smaller rock pours and are therefore unsuitable. 
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Fig. 4: Schematic of research activities 
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1: Historical background 
It is important to be aware and understand the principles and terminology used when 
describing stimuli-sensitive polymer systems. This Chapter is therefore divided in to 
several sections describing the past research into different aspects of microgel and 
stimuli-sensitive polymer systems. The sections cover, polyelectrolytes, microgels 
and pNIPAM based systems. pNIPAM is the most extensively studied stimuli-
responsive polymer and therefore provides an excellent starting point. 
Hydrogels are synthetic or natural polymers which have the ability to swell in 
aqueous systems A swollen gel phase is formed which retains the water and in the 
case of a crosslinked hydrogel it does not dissolve in the solvent. In 1978 Tanaka 
discovered a volume change in a covalently crosslinked polyacrylamide gel in 
acetone/water when the temperature was varied The Flory-Huggins mean field 
equation ^ has been used to attempt to interpret this behaviour. Since this 
phenomenon was discovered there has been huge interest in hydrogels that are 
sensitive to external stimuli. In aqueous systems hydrogels have been shown to 
undergo reversible phase transitions due to pH/ionic strength electrical current ^ and 
temperature poly(#-isopropylacrylamide) (pNIPAM) is the most extensively 
studied hydrogel due to the abrupt volume change at 32°C and the ease at which 
pNIPAM nanogels can be synthesised. 
A polyelectrolyte is a polymer consisting of repeating units that contain an ionisable 
group. One of the most common examples is poly(acrylic acid) (pAA). A 
polyampholyte is a polyelectrolyte that contains both acidic and basic repeating units 
for example poly(acrylic acid-co-2-vinylpyridine). Polyelectrolytes and 
polyampholytes are sensitive to pH and ionic strength and their material properties 
can vary immensely by altering one of theses variables. 
Saunders and Vincent presented a review of microgels in 1999 which encompassed 
the theory, properties and applications of microgels. The first time the term 
"microgel" was used was in 1949 by Baker but the first report of microgel 
synthesis was published in 1935 by Staudinger and Husemann However these 
early microgels synthesised by Baker, Staudinger and Husemann were polystyrene 
based, and therefore did not contain ionisable repeating units. The definition of the 
term "microgel" often refers to a gel particle with an average size ranging from 50 nm 
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to 5 |am. The term "nanogel" is also used to describe colloidal gel particles with 
particle sizes in the nm-range. The two terms are often used interchangeably. 
Pelton presented a review on the subject of temperature sensitive aqueous 
microgels. The synthesis and characterisation of aqueous micro gels based on poly(A^-
isopropylacrylamide) (pNIPAM) was described. The temperature at which the phase 
transition occurs is referred to as the volume phase transition temperature (VPTT). 
The VPTT is due to the polymer having a lower critical solution temperature (LCST) 
at that temperature. The phase transition is due to the disruption of hydrogen bonding 
between water and the amide groups, therefore causing water to behave as a poor 
solvent Fig. 5 shows the phase diagram for pNIPAM in water which was 
constructed by Heskins and Guillet The LCST is the minimum temperature on the 
curve in Fig. 5. Saunders describes the main uses of polymer microgels for surface 
coatings and in drug delivery systems. 
TOO Phase 
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0 flj 0.6 
PolyNSPAM Mass FracMon 
Fig. 5: Phase diagram for pNIPAM in water, copied from Heskins and Guillet 
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1.1 Poly electrolytes and polyampholytes 
Polyelectrolytes and polyampholytes are of great interest due to their sensitivity to pH 
and ionic strength. This sensitivity could be used as a trigger to control the fluid loss 
capabilities of microgel particles during hydraulic fracturing. Polyelectrolytes can be 
divided into two types; strong or weak. A strong polyelectrolyte has ionic groups 
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present across a wide pH range (e.g. pH 1-13) and a weak polyelectrolyte has ionic 
groups present over only a small pH range (e.g. pH 1-6) The strength of a 
polyelectrolyte is dependent on the ionisable groups present in the polymer. Fig. 6 is 
a schematic showing examples of functional groups in strong and weak 
polyelectrolytes. 
Weak Polyanion Weak Polycation 
COO C H g - N H ^ 
Strong Polyanion 
o-so. 
strong Polycation 
r 
Fig. 6: Examples of weak and strong polyelectrolytes 
When selecting which cationic or anionic monomer to use, the strength of the final 
polyelectrolyte is a very important factor to consider. Weak polyelectrolytes are of 
most interest for stimulus sensitive applications as they have two distinct pH regions, 
one when they are ionised and one when they are uncharged. Switching between 
these two regions allows the rheology of a polyelectrolyte solution to be tuned 
Another factor to consider is the distance between the polymer chain and the ionic 
group (i.e. the length of a spacer). Ionic groups can be in the polymer chain, close to 
it or several spacer groups may separate it from the polymer chain. This is very 
important when using more than one monomer, as interactions between charged 
functional groups dramatically affect the properties of the polyelectrolyte or 
polyampholyte. 
Linear and crosslinked polyelectrolytes and polyampholytes can be synthesised via 
several methods. Annealed polyampholytes are cationic/anionic copolymers in which 
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the net charge on the polymer chain is modified by pH and the repeating units are 
charged over a small pH range A typical example of an annealed polyampholyte is 
a copolymer of acrylic acid and vinylpyridine which was synthesised by Alfrey et al. 
resulting in the formation of statistical copolymers. Quenched polyampholytes 
retain their charges over a wide pH range There are several routes for the 
preparation of quenched polyampholytes including copolymerisation in aqueous 
solution and microemulsion polymerisation A typical example of a quenched 
polyampholyte is a copolymer made by the copolymerisation of 2-acrylamido-2-
methylpropanesulphonate and 2-acrylamido-2-methylpropyldimethylammonium 
chloride. When a quenched polyampholyte is synthesised in solution they tend to be 
alternating due to the strong electrostatic attraction between oppositely charged 
monomers However, synthesis via microemulsion polymerisation often results in 
random copolymers due to the diffusion limitation of monomers in the microemulsion 
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Polyampholyte hydro gels can be synthesised by several different methods. A 
schematic by Kudaibergenov shows five different synthesis routes (Fig. 7). The 
first (from top) involves covalent crosslinking, the second is the crosslinking of linear 
amphoteric precursors, the third is the physical crosslinking of oppositely charged 
polyelectrolytes, the fourth is the entrapment of a polyacid or polybase and the last 
method is the synthesis of networks of interpenetrating polyelectrolytes. 
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Fig. 7: Synthesis of polyampholyte hydrogels, adapted from Kudaibergenov 
Modification of natural polymers such as chitosan to form polyelectrolytes and 
polyampholytes has also been carried out The advantage of using natural polymers 
is that they are classed as "green" and the disposal of such natural polymers once used 
is much easier and cheaper due to minimal environmental impact. This is very 
important in waste water treatment. Inevitably some of the polymer will be extracted 
along with the oil and therefore has to be disposed of. The disposal of such polymer 
after fracturing should also be considered. 
Hydrogels consisting of polyelectrolytes or polyampholytes have been demonstrated 
to be sensitive to various stimuli such as, solvent composition pH/ ionic strength 
temperature electric fields and light The application of such a stimulus 
results in a phase or volume transition. Such phase transitions have generated a lot of 
interest for a variety of potential applications. The most common stimuli sensitive 
hydrogels contain anionic or cationic repeating units, which result in pH and ionic 
strength sensitivity. Polyampholytes have many applications, including in waste 
water treatment and water purification. Polyampholytes are often used as flocculants 
to remove particulate waste ft-om sewage water Water soluble polyampholytes 
have also been used as drag reduction agents in heating systems ^'. Polyampholytes 
are also used as thickening agents to modify the viscosity of aqueous media and the 
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recovery of transition metal ions Polyampholytes have also being developed for 
use as catalysts by mimicking enzymes 
The affect of polymer adsorption onto the surface of the rock whilst fracturing could 
be of interest. Adsorption of polyelectrolytes on to charged surfaces has been 
investigated experimentally and theoretically Considerable research has been 
carried out into the adsorption of cationic and anionic polyelectrolytes on to charged 
nanoparticles Polyelectrolytes adhere to the surface of oppositely charged 
colloids, due to strong coulombic interaction between the polyelectrolyte and the 
charged colloid. The adhesion is dependent on several factors including the charge 
density of the polymer and the oppositely charged colloid and the ionic strength of the 
aqueous phase The amount of polymer already adsorbed onto the colloid is also a 
critical factor, as is the conformation of the adsorbed polymer and the size of the 
colloid The molecular weight and rigidity of the linear polyelectrolyte are 
therefore important factors when considering adhesion to charged colloids. If the 
polyelectrolyte is extremely rigid, it will not cover as much surface of the charged 
colloid as a flexible polyelectrolyte. McQuigg et al. demonstrated that in some 
cases pH can be used to modulate the surface charge density of colloids and a 
difference in adsorption of polyelectrolytes is observed. The distribution of charged 
groups on the surface of the colloid and along the polymer chain also significantly 
affect the binding between the colloid and polymer. 
Summary 
It has been shovm that polyelectrolytes and polyampholytes are sensitive to several 
external stimuli. The majority of the stimuli are not suitable for using underground in 
an oil well. However, the pH/ionic strength sensitivity of 
polyelectrolytes/polyampholytes has been shown to be an excellent trigger for 
controlling the swelling of hydrogels and the rheology of linear polymer solutions. It 
is important to select the appropriate pH/ionic strength sensitive monomers for 
polyelectrolytes as the pH range at which they are in a swollen or collapsed state 
varies with the monomer. Several methods for the synthesis of polyelectrolytes have 
been described. The importance of the environmental impact of the polymers should 
be considered as it is possible to modify polymers such as Chitosan to produce 
"green" polyelectrolytes. 
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The binding of polyelectrolytes to charged spheres is of great interest when 
considering the effect of adhesion of polyelectrolytes to the surface of hydrocarbon 
containing rocks in a reservoir. The surface properties of rocks vary immensely 
depending on the type of minerals making up the reservoir. Therefore it is necessary 
to understand how the adhesion between the polyelectrolytes and rock varies with the 
type of rock and hence the surface properties of the rock. 
1.2 Methods for synthesis of microgels 
Once the desired stimuli sensitive monomers have been chosen, a method for the 
synthesis of the polymer particles in the correct size range needs to be investigated. 
Microgels are generally synthesised via one of four methods: emulsion polymerisation 
inverse emulsion polymerisation ionic copolymerisation and finally by 
crosslinking of polymer chains There are two different methods for emulsion 
polymerisation. In the case of pNIPAM microgels, one method is surfactant free 
polymerisation in water under N; initiated by the decomposition of potassium 
persulphate (KPS) at 70°C and crosslinked with A'^A^-methylenebisacrylamide (MBA). 
This yields reasonably monodisperse pNIPAM colloids, which are given the name 
microgels or nanogels. They typically vary in size from 10 nm up to several hundred 
nm. Saunders and Vincent provides a schematic showing the different steps of the 
surfactant free microgel polymerisation process (Fig. 8). Microgel formation occurs 
by homogeneous nucleation 
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Fig. 8; The steps shown are initiator decomposition (a), initiation (b), propagation (c), particle 
nucleation (d), particle aggregation (e), particle growth (in a poor solvent) (f) and particle 
swelling in a good solvent (g). The counter-cations and the particle charges for steps (f) and (g) 
have been omitted for clarity. M represents a vinyl monomer. From Saunders and Vincent 
A second synthesis method for microgels is essentially the same as the first except a 
surface active agent (surfactant) is added to enable the particle size of the microgels to 
be controlled. The surfactant usually employed is sodium dodecyl sulphate (SDS), 
which is used to form micelles. Wu et al. investigated the effect of the 
concentration of SDS on the average particle size (Fig. 9). As the SDS concentration 
was increased the resulting micro gel particle size was observed to decrease. 
Therefore, the amount of surfactant present could be used to control the size of 
microgels. This is due to SDS stabilising growing pNIPAM chains therefore 
preventing them from agglomerating. Hence there are more nanogels but they are 
smaller in size 
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Fig. 9: Effect on concentration of surfactant on the particle size of pNIPAM nanogels from Wu et 
al. 47 
Pelton reviewed the effect of temperature on the polymerisation rate of NIP AM and 
MBA (Fig. 10). At 70°C the polymerisation rates of NIP AM and MBA are nearly 
identical and 90 % polymerisation occurs within 25 mins. It is important that the 
polymerisation rates of the monomer(s) and crosslinker are similar so that a polymer 
network with homogeneous crosslinking and short repeating unit blocks can be 
formed. 
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Fig. 10: Effect of temperature on the polymerisation rate of various monomers, from Pelton 17 
A typical transmission electron micrograph (TEM) of pNIPAM nanogels with an 
average diameter of 450 nm demonstrates that it is possible to synthesise relatively 
monodisperse pNIPAM nanogels without the use of a surfactant. 
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Fig. 11; Transmission electron micrograph of pNIPAM microgel particles. From Saunders and 
Vincent''' 
Dowding et al. used inverse emulsion polymerisation of NIP AM in heptane using a 
non-ionic surfactant (Hypermer B246) to synthesise a series of pNIPAM microgels 
crosslinked with MBA. The resulting microgels were no bigger than 2.5 jam in the 
swollen state. Methacrylic acid (MAA) was also incorporated in to some microgels to 
yield both temperature and pH sensitive microgels. The microgels were extracted 
from the heptane by the addition of water and rotary evaporation. The microgels were 
then purified by centrifugation at 15°C (swollen state). The resulting particles were 
much larger than the conventional ones synthesised in water which are usually in the 
nm range. MBA is the most commonly used crosslinker, however alternatives such as 
polyethylene glycol (PEG) diacrylates have also been used This is an interesting 
synthetic method but the microgels are too small for use in hydraulic fracturing. 
Ideally the microgels would have diameters of 2.5 jj,m in the collapsed state not the 
swollen state. 
Ikkai et al. described a new method for producing polymer gel particles using 
microchannel emulsification and UV initiation of the monomers. This led to the 
formation of monodispersed pNIPAM microgels with a relative standard deviation of 
less than 5%. This technique enables the synthesis of microgels with an average 
diameter anywhere in the range of 1-100 |im but is expensive due to the use of 
organic solvents and requires significant equipment. Kaneda et al. synthesised a 
series of poly(dimethylacrylamide-co-2-acrylamide-2-methyl-1 -propanesulphonic 
acid) nanogels crosslinked with MBA with particle sizes in the range of 50 nm. The 
polymerisation was carried out in hexane using the non-ionic surfactant 
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polyoxyethylene oleyl ether. Again the microgels are too small. They are therefore 
nanogels rather than microgels. 
It is also possible to produce core-shell microgels as well as pNIPAM based 
microgels. These core-shell microgels often consist of a hydrophobic core e.g. poly 
(styrene) (PS) with a hydrophilic coating (e.g. pNIPAM) grafted to the surface. These 
could potentially be larger and significantly more rigid (due to a large PS core), core-
shell microgels are discussed later in this chapter. Park and Hoffman described the 
synthesis of pNIPAM beads with a diameter of 2-3 mm. These large beads were 
synthesised by dropping a mixture of NIP AM, MBA, tetraethylmethylenediamine 
(TEMED) and sodium alginate into a calcium chloride solution containing ammonium 
persulphate (APS). This results in the free radical copolymerisation of NIP AM and 
MBA. The alginate is then dissolved using phosphate and ethylenediaminetetraacetic 
acid (EDTA) yielding the mm sized pNIPAM beads. These pNIPAM beads are 
several mm and therefore very large. It is possible to control the droplet size to a 
certain extent by controlling thee flow rate through the dropping needle and hence 
control the size of the microgels. 
Summary 
As discussed there are four main methods for the synthesis of microgels. The type 
and concentration of surfactant used in emulsion polymerisation has been shown to 
influence the final microgel diameter. It has also been demonstrated that the 
polymerisation rate of the monomers and the crosslinking agent must be similar to 
yield crosslinked micro/nanogels. Therefore polymerisations of NIP AM with MBA 
are carried out at elevated temperatures to converge their polymerisation rates. Most 
of the current literature is centred on pNIPAM systems due to the ease at which 
pNIPAM microgels can be synthesised. However, this results in the microgels being 
in the nm range rather than the |im range. Gel particles in the nm range are often 
referred to as microgels even though they typically have diameters of several hundred 
nm. 
The work by Park and Hoffman is of particular interest due to the size of the beads 
being controllable by varying the droplet size. However, it is extremely difficult to 
slowly drop 1-10 p,m size droplets into a calcium chloride solution and hence 
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synthesise microgels in the 1-10 |j,m range. The process is also a multi-step process 
involving the recovery of the microgel beads. 
Most microgel literature involves NIP AM, but lessons learnt can be applied when 
considering how to synthesise polyelectrolyte and polyampholyte systems. The most 
important issue is how to synthesise large quantities of polyelectrolyte and/or 
polyampholyte particles with dimensions in the ^m range. 
1.3 Swelling theory of hydrogels and microgels 
Flory's theory of network swelling ^ is commonly used to explain the swelling of both 
hydrogels and microgels in solvents and solvent mixtures. When a polymer network 
is submersed in a good solvent the solvent absorbs into the polymer network in an 
attempt to balance the chemical potentials of the network and the bulk solvent. A gel 
would therefore continuously swell as the chemical potentials will never be balanced. 
However the crosslinks in the polymer network restrict the swelling of the gel. 
Therefore the gel will swell until the elastic forces exerted by the polymer crosslinks 
equals that of the osmotic pressure of the solvent being absorbed. Flory expressed it 
as follows: 
3/ 
F" 
'I ^ 
/J 
/5 
(1) 
where X is the Number of crosslinks, Vc is the network volume, vi is the molar 
volume of the solvent, xn is the Flory-Huggins solvent-polymer interaction parameter 
and X/Vc is the average density of cross linked units in a collapsed particle 
Microgels and hydrogels always contain small amounts of crosslinker that are not 
forming a crosslink (Y), the mole fraction of these repeating units is Xg. Large 
segments of uncrosslinked polymer (B) are also present depending on the crosslinker 
concentration. If the molecular weights of A and B segments are the same then it can 
be shown that: 
Z ^ (2) 
35 
where Mb is the molecular weight of B and pg is the density of uncrosslinked polymer 
B. If Pb is assumed to be 1 then the first equation can be substituted into the second 
(when the excluded volume parameter is Vu = (O.S-xii)) to give: 
- t e f 
The Flory-Huggins theory does not work particularly well with water swellable 
microgels This is due to the polymer concentration not being taken into account 
and the assumption that the crosslinker concentration is homogeneous throughout the 
microgels. However, it gives a good starting point to understanding the swelling 
behaviour of gels. Lele et al. attempted to predict the swelling behaviour of 
pNIPAM gels using an extended version of the lattice fluid hydrogen bond theory 
(LFHB). Experimental data was used alongside the theoretical to determine the 
swelling behaviour, which showed improvement in predictions with respect to the 
Flory model. 
1.4 pH-sensitive microgels 
Microgels containing ionic repeating units such as carboxylic acid and amine groups 
demonstrate pH dependent behaviour. Often NIP AM is used to form the "backbone" 
of the microgels and different amounts of anionic and/or cationic repeating units are 
incorporated in to the microgels during the polymerisation process. Some examples 
of common monomers incorporated into a NIP AM backbone are: 4-cyano valeric acid 
(4CVA) 2-acrylamido-2methylpropanesulphonic acid (AMPS) acrylic acid 
(AA) and 1-vinylimidazole (VI) Dobrynin et al. carried out research into 
linear polyampholytes and the dependence of their specific viscosity on pH (Fig. 12). 
A minimum in viscosity is observed when no acid or base is present. However, upon 
the addition of acid or base the viscosity of the linear polyampholytes is observed to 
increase. This is due to coil expansion of the polyampholytes which in turn is due to 
repulsion fi-om like charges on the polymer chain. This results in the polyampholyte 
chains excluding more space as they are increasingly ionised and the repulsive 
interactions between polymer chains increase due to the increase in like charges. A 
small reduction in viscosity is observed at high volumes of added acid or base. This 
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is due to increasing ionic strength due to the addition of acid or base and results in the 
shielding of charges by counter ions. 
pF 0 16 
-B -6 -4 -2 
mHIIEq. HCI/g 
0 2 4 6 8 
milliEq, NaOH/g 
Fig. 12: Dependence of the specific viscosity on added acid or base in a dilute polyampholyte, 
12 from Dobrynin et al. 
The pH-dependent behaviour of hydrogels or microgels can be explained by 
considering the counter ions of the ionic groups within the hydrogel and the Donnan 
equilibrium The addition of acid or base to a microgel suspension allows the pH of 
the bulk solvent to be varied. This results in the ionisation of ionic groups within the 
microgel, which causes counter ions to enter the polymer network. Which results in 
an increase in osmotic pressure inside the microgel as the microgel and the bulk 
solvent equilibrate thus causing the microgel to swell. The addition of excess 
acid/base or an electrolyte such as NaCl results in a decrease in the difference of the 
ionic strength between the water in the microgels and the bulk water and therefore a 
decrease in the osmotic pressure. Therefore this causes the microgel to shrink. 
Saunders and Vincent describe the swelling of microgels as being governed by the 
internal (FI,,,) and external ) osmotic pressures of a polyelectrolyte system. The 
internal osmotic pressure is due to mobile counter-ions within the gel which balance 
the electrostatic charges of functional groups within the gel. The effect of the 
elasticity (Hg,) of the gel also has to be taken into account. Crosslinks in the gel 
prevent the gels from swelling continuously, therefore the crosslinker concentration of 
a gel affects the swelling greatly. Cloitre described this simple relationship by the 
following equation: 
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n,„ +n,, = Uou, (4) 
Yl^ i can be described by the following equation: 
n . / °i/3 (5) 
Where Nx is the crosslinking density, Q is the swelling ratio and cq is the polymer 
concentration in the gel in its collapsed state. 
Tan et al. carried out electrophoretic mobility measurements using ion selective 
electrodes to investigate the effect of KCl concentration on the swelling of microgel 
suspensions. It was shovm that as the KCl concentration in the bulk water of the 
suspension is increased some ions diffuse into the microgel. This implies that 
counter ions already present in the microgel particles due to ionisation are diffusing 
out of the microgels and into the bulk water. The effect of an externally applied 
osmotic pressure on the de-swelling of 2-vinylpyridine (2VP) microgels crosslinked 
with DVB was investigated Above a critical external osmotic pressure, changed 
by the addition of dextran to the bulk solution the microgels are shown to collapse. 
Dobrynin et al. presented a review of polyampholytes. The four main findings for 
polyampholyte solutions are as follows: At the isoelectric point weakly hydrophobic 
polyampholytes have a minimum viscosity coil size. Weakly hydrophobic 
polyampholytes precipitate around the isoelectric point. The viscosity and coil size 
increase as salt is added when the pH is around the isoelectric point. The viscosity 
and size of the coil decreases on addition of salt if there is a net charge. 
1.5 Core-shell microgels 
Core-shell hydrogels consisting of hydrophobic PS cores with pNIPAM shells were 
first reported by Pelton Makino et al. carried out further research based on 
Pelton's initial work. Core-shell systems have since been extensively researched and 
pNIPAM and PS are the most common polymers used to synthesise core-shell 
systems. However, a wide range of other functional monomers have been used. 
Serizawa et al. reported on the use of A^-vinylisobutyramide which is reported to 
have a VPTT at 40°C. Core-shell microgels are of interest due to the microgels 
displaying properties of both the core and the shell. This enables the synthesis of 
temperature sensitive microgels that have a rigid PS core. The shell or "corona" of a 
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core-shell micro gel is often composed of a stimuli sensitive polymer (Fig. 13). This 
enables the shell to be collapsed or swollen using a trigger such as temperature or pH. 
These could be potentially useful for oil field applications, as the diameter of the 
microgel can be decreased or increased. However, the mechanical properties are 
dominated by the core rather than the shell. 
Swollen Collapsed 
Fig. 13: Schematic of core-shell microgels in a collapsed and swollen state 
Bendt and Richtering prepared a series of doubly temperature sensitive core-shell 
microgels. The microgels consisted of a core of pNIPAM and a shell of pNIPMAM. 
The reported LCST of pNIPAM was 34°C and pNIPMAM 45°C. The crosslinker 
used was MBA. Core-shell pNIPAM microgels with thick pNIPMAM shells are 
reported to show no LCST at 32°C. The cores were synthesised using SDS and 
solution polymerisation of the cores with pNIPMAM was then carried out to graft the 
shell on to the core. Kuckling et al. prepared a series of core-shell microgels with 
pNIPAM cores and poly(2-vinylpyridine) (p2VP) arms. These demonstrated 
increased stability as a function of temperature and pH. 
Tsuji and Kawaguchi prepared a series of "temperature sensitive hairy particles" by 
living radical graft polymerisation. The core consisted of PS and the "hairs" of 
pNIPAM/pNIMAM and a a . Two volume phase transitions were observed when 
both pNIPAM and p(NIPAM-co-AA) "hairs" were attached and only one when a 
single type of arm was attached. SANS has been used several times to determine the 
structure of core-shell microgels Hatto et al. synthesised a series of core-shell 
microgels consisting of a silica core and a pNIPAM shell. However, these behave 
very similar to PS core microgels. 
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Summary 
The use of core shell microgels is limited due to the thickness of the stimuli sensitive 
polymer layer. The difference in the particle diameter between the collapsed state and 
the swollen state is dependent on the length of the individual polymer chains of the 
surface layer. This is very limiting and means that the difference in particle diameter 
between the swollen and collapsed state is very small. Also, the synthesised particles 
are in the nm range rather than the [xm range. Therefore they are not suited for the 
intended application. However it is very interesting work and the idea of using layers 
of different polymers could be useful. 
1.6 pNIPAM based microgels 
Most microgel research revolves around the synthesis of pNIPAM microgels. This is 
due to the fact that pNIPAM microgels can be synthesised easily with or without a 
surfactant by dissolving NIP AM monomers in water at 70°C while stirring and the 
addition of a free radical initiator. The resulting pNIPAM microgels/nanogels have 
relatively monodisperse particle size distributions. pNIPAM microgels are 
temperature sensitive but not pH sensitive. Therefore ionic monomers such as A A 
have been incorporated into microgels to make them pH sensitive. The direct 
synthesis of ionic microgels is generally carried out via emulsion polymerisation, 
which involves an extraction step to remove the microgels from a solvent. Therefore 
the synthesis and characterisation of pNIPAM microgels is of considerable interest as 
lessons learnt can be implemented in the synthesis of pH sensitive microgels. 
Considerable research has been carried out on the reaction parameters for the 
synthesis of pNIPAM microgels. Schild et al. presented a review describing 
experiment, theory and application of pNIPAM. Schild et al. described the synthesis 
of pNIPAM via free radical, redox, ionic and radiation polymerisations. Arleth et al. 
synthesised a series of pNIPAM microgels using MBA as crosslinking agent and 
SDS as a surfactant. Upon increasing the concentration of SDS the size of the 
resulting microgels decreased. This was also shown by Wu et al. and is due to the 
surfactant stabilising the growing insoluble polymer chains. This results in less 
agglomeration of growing polymer chains and therefore more nanogels but of a 
smaller size. Gao and Frisken investigated the effect of reaction conditions, such as 
monomer concentration on surfactant free polymerisation of NIP AM to form 
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microgels. Synthesis was carried out above and below the LCST. Smaller microgels 
were obtained when the polymerisation was carried out above the LCST. 
Saunders et al. investigated the internal structure of pNIPAM microgels crosslinked 
with MBA using photon correlation spectroscopy (PCS) and small angle neutron 
scattering (SANS). The results suggest that the particles have a mostly homogeneous 
structure, although evidence of a low segment density shell was shown. This has been 
interpreted to suggest that all pNIPAM microgels crosslinked with MBA have a core-
shell structure as shown in Fig. 15. 
Fig. 14: Possible structures for poly(NIPAM/MBA) microgels: (a) homogeneous; (b) core-shell 
with uniform mesh size in the core and the shell; (c) agglomerated; (d) agglomerated with core-
shell structure, from Saunders 
Fig. 15: Depiction of the structure of poly(NIPAM-co-MBA) microgel particles at (a) below 32"C 
and (b) above 32"C. The diagrams depict relative changes in the structural features (including 
particle size) for each system. The average shell thickness is -20 nm from Saunders 
Daly and Saunders studied the effect of electrolyte concentration on the swelling of 
pNIPAM microgels (Fig. 16). At concentrations of 0.5 M KCl or above the microgel 
particles flocculate due to a reduction in the thickness of the electrical double layer of 
the microgel particles. The higher the charge density of the anion from the added salt 
the greater the ability to induce flocculation. Similar work has also been carried out 
by Ramusson and Vincent who concluded that as the electrolyte concentration 
increases the critical flocculation temperature (CFT) decreases. 
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Fig. 16: Variation of the hydrodynamic diameter as a function of temperature for poIy(NIPAM) 
microgel dispersions at different ionic strengths of electrolyte (NaCl). The concentrations of NaCl 
used were 0 (•), 10 ^ (O), 10 ^  (A), 10 ^ ( • ) , 10" (^[]), and 0.5 M (A), from Daly and Saunders 
In a search for new possible uses for pNIPAM microgels, the properties and structure 
of pNIPAM microgels has been thoroughly investigated. Gao and Hu investigated 
the optical properties of pNIPAM microgels in water both above and below the 
LCST. Above the LCST the microgel suspension becomes turbid due to the microgels 
being in a collapsed state. Pankasem et al. attached fluorescent probes to pNIPAM 
microgels and investigated the resulting spectra above and below the VPTT. A 
significant difference of the spectra is observed which indicates that the,pNIPAM 
microgels become more hydrophobic above the VPTT. Zhang and Pelton 
investigated the effect of microgels at the air/water interface. pNIPAM microgels 
were shown to reduce the surface tension of water to 43mJ/m^ at 25°C. The extent of 
surface tension lowering decreases as the crosslinker concentration is increased which 
indicates that pNIPAM microgels adsorb at the air water interface. 
Tsuji and Kawaguchi prepared a series of coloured films by incorporating various 
monomers into pNIPAM microgels. The colour of the films was seen to change as a 
function of the incident angle that they were observed from. Such films have possible 
applications in coloured coatings. Duracher et al. synthesised a series of pNIPAM 
microgels with varying crosslinker concentration. Upon increasing the crosslinker 
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concentration the average particles size was shown to increase and the water soluble 
polymers recovered were drastically reduced. This is because the experiments were 
carried out at low cross linker concentrations, therefore the higher the cross linker 
concentration the larger the polymer network that is formed. The electrophoretic 
mobility of the microgels was seen to increase when the temperature was above the 
LCST due to a dramatic increase in charge density. 
Crowther et al. investigated the de-swelling of pNIPAM microgel particles by 
variation of temperature and the addition of polyethylene oxide (PEO). An increase 
in temperature resulted in an increase in the electrophoretic mobility of pNIPAM 
microgels. Duracher et al. carried out a comprehensive characterisation of 
pNIPAM microgels including optical density variation, electrophoretic mobility, 
coagulation, flocculation and effect of pH. 
1.7 Functionalised pNIPAM based microgels 
pNIPAM has been shown to be temperature sensitive, however research has been 
carried out to modify the temperature sensitivity of pNIPAM or to induce sensitivity 
to other stimuli such as pH. 
Agbugba et al. synthesised pNIPAM microgels crosslinked with MBA and 
incorporated 4-cyanovaleric acid into them. Cationic microgels were similarly 
synthesised by copolymerising with 2,2-azobis (2-amidinopropane). The resulting 
microgels were freeze-dried and then redispersed in water, no macroscopic structural 
modification occurred. However, the synthesised microgels were temperature and pH 
sensitive. This shows that pNIPAM can be used as a support to produce dually 
sensitive microgels. 
Xia and Hu prepared a series of pNIPAM microgels and incorporated AA into them 
to form an interpenetrating polymer network. At pH 4 a volume phase,transition 
occurs. Thermo-reversible gelation occurs above the VPTT if the concentration of 
microgels is 2.5 g/mL or above. Pichot et al. synthesised a series of poly (N-
isopropylmethacrylamide) (pNIPMAM) based microgels including pNIPAM-co-
pNIPMAM core-shell microgels. This resulted in microgels displaying two VPTTs. 
Garcia-Salinas et al. incorporated 2-acrylamido-2methylpropanesulphonic acid 
(AMPS) into pNIPAM microgels and investigated the effect of electrolyte 
concentration and temperature on the electrokinetic properties. The electrophoretic 
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mobility was observed to increase with increasing temperature and decrease with 
increasing electrolyte concentration. The stability of the microgels was also 
investigated by temperature induced flocculation. Microgels were cleaned by filtering 
through glass wool and washing with water. This alternative synthetic route is not 
very practical when considering large scale production of microgels. 
Ogawa et al. Ito et al. and Kokufuta et al. have published several papers 
on aqueous pNIPAM microgels. They investigated properties such as electrophoretic 
behaviour of various pNIPAM based nanogels. Kokufuta et al. reported on the 
synthesis and characterisation of pNIPAM nanogels containing anionic and cationic 
repeating units (AA and 1-vinylimidazole). It was demonstrated that the VPTT is 
approximately 30-35°C. Ogawa prepared a series of pNIPAM based gels with 
cationic, anionic (and both) monomers incorporated into the network. Sodium 
dodecylbenzenesulfonate (SDBS) was used as the surfactant and later removed by 
dialysis. 
It was shown that the hydrodynamic radii of the pNIPAM microgels with VI and AA 
incorporated into them and determined from light scattering experiments were at a 
minimum at about pH 5-7 and increased above or below this value. This would be 
expected of a polyampholyte gel due to both anionic and cationic charges being 
present. The effect of pH on the UV/Vis transmittance of the microgels was also 
investigated. It was also shown to have a minimum around pH 5-5.5. Increasing salt 
concentration led to an increase in light transmittance and an increase in temperature 
caused a decrease in transmittance around the aggregation point of the microgels. 
Particle size was shown to slowly decrease with increasing temperature, until it 
reached 40-50°C when sudden aggregation occurred. It is reported that when the 
charges on the polymer are balanced, an increase in salt concentration causes the 
particle size to increase. This is often referred to as "anti-polyelectrolyte behaviour". 
Philippova et al. investigated hydrophobically modified pH-responsive gels 
consisting of AA and n-alkyl acrylates with MBA as a crosslinker. It was shown that 
above approximately pH 6 the gel swelled and at pH 8-9 the amount of swelling 
reached a plateau. Philippova et al. also incorporated "stiff polyelectrolyte rods" 
into a poly(acrylamide) (pAAM) polymer (Fig. 17). This led to an increase in the 
mechanical strength of the gel due to rigid rods being present. An increase in the 
gel's ability to absorb water was observed due to the ionic groups in the rods. 
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SOgNa 
NaOgS 
Fig. 17: Structure of a "stiff polyelectrolyte rod" 
The aggregation behaviour of mixtures of cationic and anionic pNIPAM based 
microgels was investigated to determine the effect of variables such as ionic strength 
and pH It was found that at 20°C oppositely charged microgels would aggregate 
unless a background electrolyte was present. 0.1 M NaCl was the minimum 
concentration required to shield the opposite charges and prevent aggregation. 
Increased temperature was observed to increase the rate of aggregation due to a 
decrease in the solubility of the microgels. 
1.8 Novel applications of microgels 
Microgels and nanogels are being developed for all kinds of applications. These vary 
from drug delivery systems to contact lenses. These areas have been extensively 
studied and are being continually researched. However several novel applications are 
also being developed. Iwai et al. developed a series of novel microgel thermometers 
covering the temperature range of 18-47°C. This was achieved by the fluorescent 
labelling of pNIPAM based microgels and linear polymers. Various monorners were 
incorporated into the pNIPAM backbone to change the VPTT and enable the 
fluorescence to be detected at different temperatures. pNIPAM microgels have also 
been used to stabilise oil-in-water emulsions Beebe et al. utilised the fast response 
of stimuli sensitive hydrogels to control the flow through microfluidic devices 
The range of potential applications for stimuli sensitive microgels is constantly 
expanding but most research carried out is in the drug delivery field. 
1.9 Summary 
All the methods for the synthesis of microgels discussed result in hydrogel particles in 
the nanometre range up to a maximum of 1 or 2 |im except the work by Park and 
Hoffman and several others reported in this chapter. The size of the pores in the 
hydrocarbon containing rocks is in the range of 1-10 jiim, so microgels in the nm 
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range would be far too small and are therefore unsuitable to allow efficient fluid loss 
control. The work by Park and Hoffman produced pNIPAM beads via a multistep 
process which would be expensive to implement and operate. The beads are very 
large and would block the rock pores even when in the collapsed state. Ikkai et al. 
produced microgel particles in the correct size range, however his is a rather 
expensive and complicated route and not suitable for large scale production and only 
works for selected monomers. 
Polyelectrolyte systems have been shown to swell or collapse as the pH of the water 
they are in is changed. The swelling is caused by the difference in osmotic pressure 
between the gel and the bulk solvent. Cationic and anionic monomers or a 
combination of both can be used to modify the pH sensitivity of a microgel. The 
swelling behaviour of microgels and hydrogels is dependent on the crosslinker 
concentration of the gel system. The higher the crosslinker concentration, the lower 
the maximum volume in the swollen state. This is due to crosslinks restricting the 
amount of swelling. An equilibrium swelling point is reached when the osmotic 
pressure of the bulk liquid is balanced by the elastic forces of the gel. 
The polymerisation rates of both NIP AM and MBA were shown to be similar at 70°C 
therefore copolymerisation reactions to form crosslinked gels are possible. However 
particles synthesised via emulsion polymerisation are not homogeneous throughout. 
pNIPAM can be used as a "backbone" and anionic and cationic repeating units can be 
incorporated into the backbone to yield nanogel particles with both pH and 
temperature sensitivity. Core-shell microgels with a hydrophobic core and a 
hydrophilic shell have been synthesised and characterised. A wide variety of 
potential applications for microgels are being investigated which is expanding 
continuously. 
Most of the research into stimuli sensitive microgels has revolved around pNIPAM 
systems. The temperature down an oil well is almost always higher than 32°C, 
typically 90°C or higher and can vary immensely. Therefore a temperature sensitive 
microgel is most likely unsuitable for hydraulic fracturing. It is therefore preferable 
to use an alternative method of stimulation for the microgels such as pH. Therefore 
the main focus of attention of this research is in the area of polyelectrolytes and 
polyampholytes. Considerably less research has been carried out in this area. It was 
beneficial to examine pNIPAM literature for background information and ideas which 
could be applied to polyelectrolyte and polyampholyte microgels. 
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2: Background: rheology and stability of 
colloids 
2.1 Rheology 
Rheology is the study of the deformation of matter due to the application of a force. 
The type of deformation observed is dependent on the state of matter of the material 
being deformed. Solids will deform when a force is applied, gases and liquids flow 
upon the application of a force. The term rheology comes from the Greek "rheo" 
which means "to flow" The origins of rheology can be traced back to the work of 
Hooke and Newton in the 17* Century. There are two important factors to remember 
when studying rheology, the first is that intermolecular forces control the way in 
which materials behave when a force is applied and the second is the timescale of the 
observations. 
When studying the rheological behaviour of materials two surfaces separated by a 
small gap filled with a material are used to define rheological terms (Fig. 18). The 
two main types of rheological measurements which can be carried out on colloidal 
suspensions are rotational tests and oscillatory tests. Rotational tests usually involve 
the breaking down of the structure of the material. Oscillatory tests however use very 
small deformations which do not lead to degradation of the structure of the sample 
material. Further details of structure degradation are discussed in section 2.1.3, 
Force F Area A 
Fig. 18: Schematic used to define liieological terms 
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If a force is applied to a cube of a material, the strain y is given by the tangent of a 
(equation 6) and the shear stress t can be defined as the force F per unit (equation 7) 
area and is given the symbol t . 
a r 
X = tana = — (6) 
h 
F 
r = — (7) 
A 
A constant shear stress must be maintained on the upper surface of the cube to 
maintain a constant velocity. When a force is applied a velocity gradient across the 
two plates with a maximum velocity at the top plate and zero viscosity at the bottom 
plate is established. The rate of strain or more commonly known as the shear rate, can 
be defined as the velocity v (ms"') divided by the distance between the two plates (h) 
(equation 8). 
v 
7 = - (8) 
n 
2.1.1 Rotational tests 
Rotational measurements can be carried out by controlling either the shear fate or the 
shear stress. For an ideal viscous liquid the shear stress is linearly dependent on the 
shear rate and the ratio of a shear rate, shear stress curve (Fig. 19) is the coefficient of 
viscosity (tj). 
r = 77 X (9) 
For any Newtonian liquid, r| is a constant at constant temperature. Examples of 
Newtonian fluids are water, many common solvents and mineral oils. However this is 
not always the case, fluids can also be shear-thinning, shear-thickening or exhibit 
plastic behaviour (Fig. 19) In the case of a shear-thinning fluid the viscosity is 
dependent on the shear load; typical examples are polymer melts, paints and shampoo. 
In the case of shear-thickening materials, the viscosity increases with increasing shear 
rate and is much less common than shear-thinning materials. Typical examples of 
shear thickening materials are starch dispersions and plastisol pastes. The final 
situation is that of a "plastic" material. Plastic materials have a yield point which is 
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defined as the shear stress value at which the range of reversible plastic deformation 
ends and the irreversible deformation begins a typical everyday example is 
toothpaste. A schematic of the flow curves of all four examples is shown below. 
Shear 
Stress 
Plastic 
Shear 
Thinning 
^ Newtonian 
Shear 
Thickening 
Shear rate Y 
Fig. 19: Different types of flow behaviour, adapted from Everett ^ 
2.1.2 Oscillatory t^ts 
Oscillatory tests involve extremely small deformations which do not result in 
degradation of the sample material. Mezger ^ has an excellent schematic (Fig.20) of 
oscillation tests using a two plate model. 
270P 
Fig. 20: Schematic of oscillatory test, adapted from Mezger 96 
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When a shear stress is applied to a material it may elastically deform rather than flow. 
In this case the material is defined as an elastic solid and obeys Hooke's Law, where 
the shear modulus (G) is defined by the ratio of the shear stress (x) to the shear strain 
strain (y). 
y 
(10) 
A considerable proportion of materials exhibit both viscous and elastic behaviour. 
Such materials are defined as viscoelastic materials and their flow behaviour can be 
described by a combination of Newton's and Hooke's Laws. Newton's law can be 
represented schematically by a dashpot of viscosity r|, and Hooke's law can be 
represented by a spring with shear modulus G (Fig. 21). 
Dashpot Spring 
T = riY G = 
r 
Fig. 21: Schematic of a dashpot and a spring 
To describe materials that exhibit both viscous and elastic behaviour, two main 
models have been developed. The combination of a dashpot and a spring gives the 
Maxwell model from 1868 (Fig. 22). 
Fig. 22: Maxwell model for viscoelastic flow 
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Upon the application of a stress for a period of time the spring will deform and then 
reform which represents the elastic portion of the material. The piston in the dashpot 
will move representing the viscous portion of the material. After a stress has been 
applied and the system has relaxed a permanent deformation will have occurred due 
to the movement of the piston in the dashpot. 
An alternative to the Maxwell model is the Kelvin/Voigt model for viscoelastic 
materials which was presented by both Kelvin and Voigt in 1890 (Fig. 23). 
Figure 23: The Kelvin/Voigt model for viscoelastic materials 
During the deformation when a stress is applied, both the dashpot and the spring 
deform together. Once the applied stress is removed, reformation of the whole system 
occurs due to the action of the spring but is delayed by the dashpot. However, total 
reformation occurs therefore deformation is reversible. 
Ideal-elastic behaviour of a material would result in Hooke' law applying which can 
be written in the complex form; 
G* = — = const. 
7 
(11) 
Where G* is the complex modulus which can be derived from the vector of the 
storage (G') and the loss (G") moduli. G' is the amount of deformation energy stored 
in the sample during the shear process and G" is the amount of deformation energy 
dissipated during the shear process and hence lost. When an oscillation is carried out 
(Fig. 20) the phase shift between the preset values and results curve is referred to as 
the loss angle (5). 
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G" 
tanS = — (12) 
G' 
An amplitude sweep is an oscillatory measurement which is carried out at a constant 
frequency to determine the limit of the viscoelastic region (LVE) of a material. The 
shear strain is increased incrementally until the micro structure of the material is 
broken down. G' or G" can be plotted against the increasing strain to determine the 
extent of viscous and elastic behaviour that the material possesses. If G' is 
consistently larger than G" throughout the LVE then the material is said to be more 
elastic than viscous. If G" dominates then the opposite is true, the material is 
regarded as more viscous than elastic. 
Once the LVE has been determined, further experiments can be carried out within the 
LVE to characterise the material. A frequency sweep can be carried out to determine 
the time dependent shear behaviour of a material. Short term behaviour is simulated 
by high frequencies and long term behaviour by low frequencies. All measurements 
are carried out using a strain within the LVE (as determined by an amplitude sweep) 
as not to break down the structure of the material. The frequency is then increased 
incrementally to determine the behaviour of the material over different time scales. 
2.1.3 Rheology of colloidal systems 
A colloidal dispersion can be defined as a mixture of two materials one of which is 
dispersed in the other. The dispersed material and the dispersion medium may be 
solids, liquids or gases. Usually the dispersed phase of a colloidal mixture has a 
particle size range of 1 rmi to 1 |im. The typical rheological behaviour of a colloidal 
dispersion of hard spheres is shown in Fig. 24 
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Fig. 24: The typical riieolo^cal behavioar of a colloidal dispersion of hard spheres from Goodwin 
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In the case of hard spheres as shown in Fig. 24, at rest the spheres have a random 
arrangement. However upon the application of shear the hard spheres begin to 
become ordered. This is due to the friction between ordered layers being significantly 
less than in a random arrangement, hence the spheres flow more easily. Eventually 
the hard spheres form ordered layers and a minimum in viscosity is observed. 
However, soft spheres and polymers can exhibit significantly different rheological 
behaviour. Mezger ^ describes the behaviour of soft spheres and polymers by three 
simplified schematics (Fig, 25). These can be used to explain the breakdown of the 
microstructure of the colloid dispersion when a stress is applied. 
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oO 
At Rest Under Shear 
.96 Fig, ISx Schematic of the effect of shear on soft spheres and polymers, adapted from Mezger' 
The top four boxes in Fig. 25 represent soft colloids with those on the left 
representing the soft colloids at rest and those on the right representing the colloids 
under shear. The top box represents an agglomerate of soft colloids. The colloidal 
agglomerate contains a certain volume of dispersion liquid therefore immobilising it, 
hence increasing the viscosity of the dispersion due to the agglomerate volume being 
larger than the volume of the individual particles. Upon application of a shear the 
agglomerates break up releasing bound dispersion liquid and the viscosity decreases 
(Fig. 25 top 2 boxes). In the case of soft spheres, it is possible for them to deform in 
the direction of shear when under shear. This is represented by the middle two boxes 
and results in the formation of ellipsoids. A decrease in the viscosity of the dispersion 
is observed due to a decrease in the friction between the colloids due to their ellipsoid 
shape. 
In the case of linear polymer, deformation in the direction of shear also occurs upon 
the application of shear and is shown in the bottom two boxes. At rest the polymer 
chains are coiled and entangled but upon the application of shear they deform and can 
disentangle. This results in shear-thinning behaviour. 
The addition of a dispersed phase to a dispersion medium resulting in a colloidal 
dispersion often yields a dispersion with non-Newtonian behaviour. This behaviour is 
caused by hydrodynamic interactions and attractive or repulsive forces between 
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particles. Einstein developed a theory for very dilute spherical particles, stating that 
the relative viscosity (rj/Tis) is proportional to the volume fraction of dispersed 
particles (^) . 
7/77^=1 + 2.5^ 25 (13) 
Therefore the volume fraction of the dispersed phase is paramount. Monodisperse 
packing geometries and fractions are of hard spheres are summarised in Table 1 
Table 1: Monodisperse packing geometries and fractions for spherical particles, adapted from 
Barnes 
Packing Arrangement Volume Fraction 
Simple Cubic &52 
Minimum thermodynamically stable configuration &54 
Hexagonally packed sheets just touching &60 
Random close packing 0.63 
Body centred cubic packing 0.68 
Hexagonal or cubic close packed 0.74 
2.1.4 Rheology of microgel dispersions 
In the study of the rheological properties of microgels, the most important factor is the 
volume fraction of the microgel particles. Saunders and Vincent describe this by the 
following equations. It is important to note that the rheological properties of hard 
spheres are dependent on the volume fraction occupied by microgels ( ) and not the 
particle size of the microgels. 
04) 
Where ^ is the volume fraction of polymer in the dispersion, 2^ is the volume 
fraction of polymer in each particle, nip is the mass of polymer, is the density of 
polymer, is the mass of solvent and is the density of solvent. 
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Krieger and Dougherty formulated an equation to be used as a model for colloidal 
suspensions with varying dispersed phase volumes. A steep rise in viscosity is 
observed at volume fractions as low as 0.55. The theoretical upper limit of the 
dispersed volume of monodispersed spheres is 0.74 which is based upon the value 
obtained for hexagonal or cubic close packing. Dispersions with equal volume 
fractions but different particle sizes can have different viscosities. This is due to the 
distance between the particles being smaller for smaller particles and the total surface 
area of smaller particles is larger, which results in increased inter-particle interactions 
and hence the viscosity is affected. Polydispersed particles can pack closer and 
therefore the maximum volume fraction can be greater than 0.74 and lead to a 
difference in the viscosity. Luckham and Ukeje demonstrated this with 
polystyrene latexes of varying polydispersity. 
JL 
Vo V rm J 
(16) 
Where (j)^ is the maximum volume fraction, (j) is the volume fraction of dispersed 
particles, T/g is the viscosity of the continuous phase and tj is the viscosity of the 
dispersion 
Tan et al. published several papers on the subject of the microstructure and 
rheology of "soft" colloidal particles. A considerable amount of research has been 
carried out assuming microgels are hard spheres. It has also been extended to cover 
hard spheres with soft polymeric surface layers and responsive layers A 
simple method to determine the effective volume fraction of the dispersed ptase ( ) 
involves the measurement of the relative viscosity of a dispersion when 
dilute and using the Batchelor's equation for hard spheres . The Batchelor 
equation (Eq. 17) is a modified version of the Krieger and Dougherty equation (Eq. 
16^ 
(17) 
This can be "improved" fiirther by the substitution of by the concentration of the 
dispersion (c) in g/mL and the specific volume of the dispersed phase (k) in mL/g. 
rio/ri^ =l + 2.5(kc) + 5.9(kc)^ (18) 
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Tan et al. adapts the Krieger and Dougherty equation further by substituting 
(2)^  with an equation that is dependent on the ionisation of the polymer, salt 
concentration, and crosslinker concentration ratio of MAA groups in the polymer. 
This is of particular interest when investigating polyelectrolytes or polyampholytes. 
~ m^in + (^0 + m^in ) 1 + c 
< ^0 / 
(19) 
Where is the limiting condition when soft particles are compressed to the hard 
sphere equivalent at high concentration, Cg is the critical concentration of free counter 
ions at which osmotic deswelling occurs and m is the rate of decrease of the specific 
volume of the dispersed phase (k). 
Tan et al. describe this equation as the "best empirical method for the 
determination of of soft particles available in scientific literature (2004)". The 
resulting can then be used in the modified KD equation. The nanogels synthesised 
by Tan et al. had diameters of 35 nm which consisted of a copolymer containing 
MAA and non-ionic monomers crosslinked with di-allylphthalate (DAP). The effect 
of the composition, salt concentration and neutralisation degree of the MAA groups 
on the viscosity was investigated. As the neutralisation degree of the MAA groups 
was increased the viscosity increased and as the salt concentration increased the 
viscosity decreased. As the crosslinking degree increased the viscosity went through 
a maximum at 1 mol-% and then decreases as the amount of crosslinks was increased 
further. As the proportion of MAA in the copolymer was increased the viscosity was 
also seen to increase. As the concentration of microgels is increased the viscosity is 
seen to increase. Newtonian behaviour was observed when the crosslinking was high 
or the salt concentration was high. This was due to the being low due to very 
little swelling. When was large e.g. at low salt concentrations or 1 mol-% 
crosslinker concentration, shear thinning behaviour was observed. The rheological 
studies showed that at a critical salt concentration (critical free ion concentration) 
osmotic deswelling occurred. The derived equation is a good indication of what 
factors determine the viscosity of a suspension of soft spheres with ionisable repeating 
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units. However, it is dependent on the determination of constants which differ 
significantly depending on the monomers and the system used. 
Senff and Richtering investigated the effect of temperature and concentration of 
core-shell microgels on rheology. The microgels had a PS core (42 nm) and a 
crosslinked shell consisting of pNIPAM crosslinked with MBA. The microgels were 
stable above the VPTT of pNIPAM. The thickness of the pNIPAM shell decreased 
with increasing temperature therefore the rheology of the system was dependant on 
temperature. Senff and Richtering describe the viscosity of a microgel suspension as 
being dependent on and not the particle size. Further investigations of the system 
were carried out to determine the effect of crosslinker concentration on the 
rheological properties of microgel suspensions. was varied up to a value of 0.5. 
At high values the suspension exhibited viscoelastic behaviour. The 
concentration dependence of the plateau modulus became weaker with decreasing 
crosslinker concentration. Senff and Richtering also investigated the rheology of 
concentrated pNIPAM nanogel dispersions. The relative viscosity was seen to 
decrease with increasing temperature with a particularly large drop between 30 and 
35°C, which corresponds to the VPTT of pNIPAM. Above the VPTT the pNIPAM 
shell becomes insoluble in water and collapsed resulting in a thinner shell and a 
reduction in the the dispersed phase. The microgel suspensions were also 
observed to become shear thinning at high concentrations. 
The rheology of core-shell microgels consisting of a PS core and pNIPAM shell was 
investigated by Deike and Ballauff They found that at high the suspensions 
behave as soft spheres. Kiminta and Luckham investigated the rheology of 
concentrated microgels consisting of pNIPAM crosslinked with MBA. The 
viscoelastic and elastic properties of the dispersions decreased with increasing 
temperature. The storage modulus was seen to increase with increasing particle 
concentration and shear thinning behaviour was observed as the particle concentration 
increased. Stieger et al. synthesised a series of pNIPAM microgels. At microgel 
of less than 0.35 they reported that the microgels behaved as "hard spheres". At 
concentrations above 0.35 the pNIPAM microgels were reported to be 
compressed. 
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Kaneda and Sogabe investigated the rheological properties of water swellable 
microgels/nanogels consisting of poly(dimethylacrylamide-co-2-acrylamide-2-
methyl-l-propanesulphonic acid) crosslinked with MBA synthesised via inverse 
microemulsion polymerisation. The effect of the rheological properties was 
investigated, and demonstrated viscoelastic behaviour in the semi-dilute range. An 
apparent yield stress was observed at a microgel volume of 0.7 or above. The 
microgels/nanogels exhibited shear-thiiming behaviour: 
m 
(0 
10 
10" 
10 
10 
10 
" i i i h i i i i i i 
^ ' i ' t i i i t i i i i i i i i i i i i i i i i i i i 
+++,11,,**++.^.,., 111111 i + n t»m-t u M 111111111'i'i I+++ 
9 V W 7 V 9 W 9 9 W VW79V9V9 W W 7 V9V OOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
20 40 60 80 100 
0 ^0.4 
V 0.6 
<> 0.8 
+ 1.0 
X 1.2 
4 A 
-
1.4 
1.6 
1 1.8 
o 2.0 
# 2.2 
A 2.4 
• 2.6 
shear rate/ s' 
Fig. 26: The shear rate dependency of the apparent viscosity of the microgel dispersion at various 
concentrations ranging from c{i]\ = 0.4 to 2.6. The concentration of the microgel is represented in 
a reduced value from Kaneda and Sogabe 
Meeker et al. demonstrated that microgel pastes (high suspensions) exhibit 
generic slip behaviour at smooth surfaces. The micro gels used consisted of aery late 
chains with MAA units incorporated into them. 
The expansion of linear polyelectrolyte coils is dependent on molecular weight of the 
polymer, solvent quality, temperature and the degree of dissociation of the ionic 
groups present in the polymer chain Experimental results have shown that the 
rheological properties of linear polyelectrolytes are very different to those of linear 
polymers as the concentration of polymer is varied (Fig. 26). At high concentrations 
of polyelectrolyte the viscosity increases with increasing concentration. At low 
concentration this is also true and a plateau is observed between the high and low 
concentration regions. The behaviour at low concentration is atypical for polymers. 
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The increase in viscosity at low concentration is due to an increase in dissociation of 
the ionic groups in the polymer chain which results in a substantial increase in 
Coulomb repulsion between the resulting charged ionic groups in the polymer chain. 
This results in an expansion of the polymer chain. At even lower polymer 
concentration the viscosity will rapidly fall due to the polymer being very dilute 
resulting in the polymer-polymer interactions reducing considerably. Increasing the 
molecular weight of a polyelectrolyte results in an increase in viscosity. It is possible 
to extract the intrinsic viscosity of polyelectrolytes if salt is added to screen the effects 
of osmotic pressure and Coulombic repulsion. This results in a linear relationship 
between concentration of polyelectrolyte and viscosity and enables extrapolation to 
zero. 
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Fig. 27: A schematic showing the effect of concentration on the viscosity of linear 
polyelectrolytes, adapted from results by Kulicke & Clasen^^^ 
2.2 Interactions between colloidal particles 
When considering the interactions and stability of colloidal dispersions, both 
attractive and repulsive forces between colloidal particles need to be considered, van 
der Waals forces of attraction are significant and are due to the formation of 
temporary dipoles on particles due to the motions of the outer electrons on the two 
particles. These attractive forces increase as the particles approach one another. 
DLVO theory is used to explain how the attractive and repulsive forces between 
particles determine the stability of a colloid dispersion. The theory was developed by 
Derjagin, Landau, Verwey and Overbeek . 
The DLVO theory describes the balance between electrostatic forces and the van der 
Waals attractive forces. Fig. 28 shows a representation of the balance between the 
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two forces. When two colloids approach each other, the electrochemical double layer 
(EDL) of each colloid interferes with that of the other resulting in Coulombic 
repulsive forces. However, the closer the colloids get to one another the stronger the 
van der Waals forces of attraction become. Steric repulsion between polymer colloids 
is also an important factor to consider. As two colloidal particles approach one 
another, polymer chains on the surface of the colloids may extend from the surface of 
the colloid preventing the colloids getting close to each other. In the case of 
polyelectrolyte systems there is also repulsion due to the net charge on the 
polyelectrolyte colloids. Fig. 28 shows the energy barrier which a colloid needs to 
overcome to agglomerate with another colloidal particle. This is possible if both 
colloids have sufficient kinetic energy and collide with one another and is the basis on 
which colloidal stability is based. 
R^ulsion 
Attraction 
Electrostatic Repulsion 
• Net Force 
Van der Waals (attractive forces) 
Fig. 28: A representation of the attractive and repulsive forces between 2 colloids adapted from 
Everett S7 
The surface charge of a polymer colloid is dependent on the functional groups present 
at the surface of the colloid. It is also dependent on the ionic strength of the aqueous 
phase that the polymer is in. 
2 3 Summary 
The rheology of colloidal suspensions is mainly dependent on the volume fraction of 
the dispersed phase. However, the elasticity, particle size distribution and inter-
particle interactions strongly affect the rheological behaviour of a suspension. 
Colloidal suspensions are often modelled using the "hard sphere" model which has a 
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maximum packing fraction of 0.74. Batchelor's equation for hard spheres and the 
Krieger and Dougherty equation do not describe the rheological behaviour of high 
dispersions of soft particles very realistically. Colloidal suspensions exhibit shear 
thinning behaviour due to the formation of ordered layers within the suspension upon 
the application of increasing shear. The rheology of linear polyelectrolytes is 
significantly different to that of other linear polymers. 
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3: Experimental section 
This section describes the synthesis of polymers, hydrogels and micro gels. Chemicals 
were supplied by Fisher Scientific (Loughborough, U.K.) or by Sigma-Aldrich 
(Gillingham, U.K.). The purity of chemicals used was; MAA 99.5%, DMEMA 99%, 
MBA 96%, NIP AM 99%, AA 99.5%, AAM 98% and KPS 99+%. The resistivity of 
the deionised water was 10-15 MQ-cm'^ (Elga, High Wycombe, U.K.). Throughout 
the synthesis and characterisation of linear polymers, hydrogels and microgels it was 
necessary to control the pH of water. This was achieved by using 0.1 and IM 
N a O H ( a q ) or H C l ( a q ) . The pH was measured using an FB68800 Fisherbrand pH 
combination electrode (Fisher Scientific, Loughborough, U.K.). The pH electrode was 
calibrated using standard buffer solutions; pH 4 (phthalate), 7 (phosphate) and 10 
(borate) all of which were supplied by Fisher Scientific, Loughborough, U.K. An 
AAA250LE balance (Adam equipment, Milton Keynes, U.K.) with accuracy to 
0.000Ig was used for weighing out the correct amount of reagents. Adjustable 
Finnpipette pipettors (Fisher Scientific, Loughborough, U.K) with volume ranges 
from 5|iL to 20mL were used to measure volumes of liquid reagents. The composition 
of synthesised hydrogels that were used in the synthesis of microgels is also included. 
The characterisation techniques used are also described. 
3.1 Synthesis of linear polyelectrolytes/polyampholytes & 
hydrogels 
A series of hydrogels consisting of various copolymers and polymers of MAA, 
DMEMA and NIP AM, crosslinked with MBA were synthesised via free radical 
solution polymerisation in deionised water using KPS as the initiator. Prior to 
polymerisation oxygen-free nitrogen (BOC, Manchester, U.K.) was slowly bubbled 
through deionised water for half an hour to remove oxygen from the water. Deionised 
water (120 mL) was measured in a 150mL measuring cylinder and placed in a conical 
flask (250 mL) and stirrerd on an IKAMAG magnetic stirplate (IKA, Staufen, 
Germany) under a nitrogen atmosphere. MAA (20.Og, 0.232 mol, 19.7mL) or 
DMEMA (20.Og, 0.127 mol, 21.4mL) or a 1:1 molar ratio of both monomers (MAA 
7.09g, 7.00 mL, 8.24 xlO"^ mol, DMEMA 12.9g, 13.8mL, 8.21 xlO"^ mol) was then 
added to the deionised water using a pipette and stirred for 5 minutes. The amount of 
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MBA incorporated into the gels was varied to yield hydrogels with different 
crosslinking densities. The different crosslinking densities chosen were 0 wt-% (for 
linear polymers), 1 wt-% (0.200g, 1.30 xlO^ mol), 4 wt-% (O.SOOg, 5.19 xlO^ mol), 
10 wt-% (2.000g, 1.300 xlO^ mol) and 15 wt-% (3.000g, 1.946 xlO^ mol) of the 
monomers. The MBA was weighed out in a weighing boat on an AAA250LE balance 
(Adam equipment, Milton Keynes, U.K.) The MBA was then added to the monomers 
and water and the reaction mixture was stirred for a further 5 minutes to allow the 
MBA to dissolve. Potassium persulphate (0.800 g, 2.96 xlO^ mol) was then added to 
the reaction mixture and the mixture was stirred for a further 2 minutes. 15 mL of 
reaction mixture was placed in several scintillation vials using a pipette and sealed 
with a screw top lid. The sealed vials were then placed in a preheated oven (OP 100-
MF, LTE Scientific, Oldham, U.K.) at 70°C for two hours. The resulting hydrogels 
were removed from the oven and allowed to cool to room temperature before further 
use. 
The copolymers synthesised and investigated can be split into two groups. The first 
group consists of pMAA, pDMEMA and a 1:1 (molar) copolymer of the two 
monomers p(MAA-co-DMEMA). These hydrogels are identified by prefix "H". The 
second group consists of pNIPAM with pMAA, pDMEMA and pMAA & pDMEMA 
incorporated into them. These hydrogels have the prefix "N" to identify them. Table 2 
shows the composition of the first series of hydrogels and Table 3 shows the 
composition of the NIP AM based hydrogels. The degree of crosslinking that occurs 
during the polymerisation process was not measured. Therefore it is possible that less 
than 100% of crosslinking monomers form crosslinks. The distribution of crosslinks 
throughout the hydrogels is also unknown. 
Table 2: Composition of group 1 hydrogels polymerised at 70°C 
pMAA pDMEMA . p(MAA-co-DMEMA) 
Composition 
(g) 
h i h 2 h 3 h 4 h 5 h 6 h 7 h 8 h 9 h i o h l l h12 
Water 120 120 120 120 120 120 120 120 120 120 120 
MAA 20.0 20.0 20.0 20.0 0 0 0 0 7.09 7.09 7.09 7.09 
DMEMA 0 0 0 0 20.0 20.0 20.0 20.0 12.9 12.9 12.9 12.9 
NIPAM 0 0 0 0 0 0 0 0 0 0 0 0 
KPS 0.800 (X800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 
MBA 3.000 2.000 0.800 0.200 3.000 0,800, p.2W 3.000 2.000 0.800 0.200 
Crosslinking 
density (%) 
15.00 10.00 4.00 1.00 i W io.oo, 4.00 .1,00 15.00 10.00 4.00 1.00 
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Table 3 : Composition of synthesised pNIPAM hydrogels polymerised at 70°C 
p(NIPAM-co-MAA) p(NIPAM-co-MAA-eo-DMEMA) 
Composition 
(g) 
N1 N2 N3 N4 N5 N6 \ - N8 N9 NIO N i l N12 
Water 120 120 120 120 . 120 , 120 , 120 . 120 120 120 120 120 
MAA 2IW 2.00 2.00 2.00 0 0 ? 0 0.709 0.709 0,709 0,709 
DMEMA 0 0 0 0 2.00 2.00 2.00^ ,. 2,00 , 1.29 1.29 1,29 1.29 
NIPAM 18.000 18.000 18.000 18.000 1^ .000 18.000 18.000, 18.000 18.000 18.000 18.000 18.000 
KPS 0.800 0.800 0.800 0.800 0.800 0^ 800 0.800 0.800 0,800 0,800 0.800 0.800 
MBA 3.000 2.000 0.800 0.200 3.000 2,000 0,800 ' ojiqo 3,000 2.000 0,800 0.200 
Crosslinking 
density (%) 
15.00 10.00 4.00 1.00 15.00' 10.00 4.00 1.00 15.00 10.00 4.00 1.00 
3.1.1 Investigation of the swelling behaviour of bulk hydrogels 
The effect of pH on the swelling of each hydro gel was investigated. The volume and 
mass of each cylindrical hydrogel was measured. This was achieved by using a 
balance with accuracy up to 0.000Ig and by measuring the length and height of the 
gels to the nearest mm using a ruler. The characterised hydrogel was then placed in 
an air tight glass jar containing IL of deionised water. The jar was sealed with 
Parafilm to prevent water from evaporating. The pH of the water was adjusted to the 
desired pH every other day by the addition of either HCl(aq) or NaOH(aq) (O.IM & 
IM). This was continued for four weeks. The volume and mass of the swollen 
hydrogels were then measured and compared to the initial mass and volume. To 
investigate the effect of temperature on the swelling of NIP AM based hydrogels, the 
covered beakers were placed in an oven at the desired temperature. This process was 
repeated three times for each hydrogel and an average calculated. 
3.2 Preparation of surfactant free microgels 
3.2.1 Preparation of pH sensitive microgels 
A series of pMAA, pDMEMA and p(MAA-co-DMEMA) hydrogels were used for the 
preparation of surfactant free microgels. The crosslinker concentration of the 
hydrogels was varied by increasing the amount of MBA from 1 to 15 wt-% with 
respect to the amount of monomers. Table 4 summarises the composition of the 
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synthesised bulk hydrogels. These have the preGx "M" to identify them throughout 
the text. 
Table 4: Composition data of syntiiesised iiydrogeis for use in microgd preparation 
Mkrogel Sample Number 
Monomer 
( s ) 
Ml M2 M3 M4 M5 M6 M7 M8 M9 MIO Mil M12 
MAA 2 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 0 0 0 0 7 . 0 9 7 . 0 9 7 . 0 9 7 - 0 9 
DMEMA 0 0 0 0 2 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 1 2 . 9 1 2 . 9 1 2 . 9 1 2 . 9 
MBA 3 . 0 0 0 2 . 0 0 0 0 . 8 0 0 0 . 2 0 0 3 . 0 0 0 2 . 0 0 0 0 . 8 0 0 0 . 2 0 0 3 . 0 0 0 2 . 0 0 0 0 . 8 0 0 0 . 2 0 0 
Crosslinldng 
dMsaly (%) 1 5 . 0 0 
1 0 . 0 0 4 . 0 0 1 . 0 0 1 5 . 0 0 1 0 . 0 0 4 . 0 0 1 . 0 0 1 5 . 0 0 l O . W ) 4 . 0 0 1 . 0 0 
Unswollen hydrogel blocks of about 15 g were first cut into approximately 0.5 cm^ 
cubes to enable better handling. The cubes were then placed in a glass beaker 
containing deionised water (200 mL) and broken down into smaller pieces using a 
high shear mechanical cutter (Kinematica Polytron P1600E homogeniser, Littau-
Luceme, Switzerland). A schematic of the mechanical cutting is shown in Fig 29. 
The speed of the mechanical cutter was increased &om 10 000 - 30 000 rpm at 5000 
rpm intervals. Samples of microgels were taken after 10, 20, 30, 45, 60, 120, 180 and 
240 minutes. The particle size distribution was monitored using light scattering to 
determine the effect of both time and rotation speed of the mechanical cutter on the 
average particle size of the resulting microgels. 
Mechanical Cutter 
Hydrogel Blocks 
Fig. 29: Schematic of the mechanical cutting of hydro^ls to yield microgels 
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3.2.2 Preparation of microgels for the determination of the effect of 
the concentration of ionic groups on the properties of microgels 
A series of poly(acrylic acid), poly(acrylamide) and copolymers of varying amounts 
of pAA and pAAM were synthesised via free radical solution polymerisation in Dl 
water (100 mL) at 70°C for two hours using KPS (0.4g, 1.48 xlO^ mol) as an initiator. 
The crosslinker concentration (MBA) of the various hydrogels was varied from 0.2 to 
20 wt-% of the monomers. Table 5 gives the composition of the gels, these gels were 
given the prefix "IG" to identify them. Each of the resulting hydrogel blocks (15 g) 
was then chopped and thereby dispersed in DI water (200 mL) using the high shear 
mechanical cutting technique described previously. 
Table 5: Composition of synthesised hydrogels for ionic group determination 
Sample Acrylamide (g) 
Acrylic 
Acid (g) MBA (g) 
Crosslinker 
concentration 
IGl fxOOO 0 1.000 2&00 
IG2 fxOOO 0 0.500 10.0 
IG3 5.000 0 OJ^O 2.00 
IG4 fxOOO 0 0.010 0.20 
IG5 4.750 A&.25 LOOO 20 
'dG6 4.750 0.25 0.500 10.0 
IG7 . 4.750 &25 0.100 2.00 
IG8 4.750 ^ 0.25 0.010 - 0.20 
IG9 3.750 L25 1.000 20.00 
IGIO 3.750 L25 0.500 10.0 
IGl l 3.750 L25 0.100 2.00 
IG12 3J50 L25 0.010 0.20 
' IG13 2.500 2.50 T,: 1.000. 20.00 
2500 ^ - 2.50 : y o ^ o o 10.0 
K. l - 2.500 0.100 2 00 
IGl6 # 2.500 2.50 0.010 &20 
IG17 L250 3J5 1.000 20.00 
IGl 8 L250 3J5 0.500 10.0 
IG19 L250 175 0.100 2.00 
IG20 1.250 3J5 0.010 0.20 
IG21 0.250 4J&*. 1.000 20 00 
: IG22 J* &250 4J5 0.500 10 0 
1 IG23 0.250 "4.75 2.00 
1IG24 '^0.250 4J5 0.010 0.20 
IG25 0 5.00 1.000 20.00 
IG26 0 5.00 0.500 10.0 
IG27 0 5.00 0.100 2.00 
IG28 0 5.00 0.010 0.20 
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3.2.3 Preparation of pH and temperature sensitive microgels 
A series of pNIPAM based hydrogels with 10 wt-% MAA (4.0g, 4.65 xlO"^ mol) or 
10 wt-% DMEMA (4.0g, 2.54 xlO^ mol) or both (MAA 1.42g, 1.64 xlO"^ mol, 
DMEMA 2.58g, 1.64 xlO^ mol) incorporated in to them were synthesised. The 
hydrogels were crosslinked with MBA. The resulting hydrogels were dispersed in 
water via the mechanical cutting technique. This technique yielded monomodal or 
bimodal microgel suspensions of all three compositions. The effect of temperature 
and pH on the suspensions was investigated using light scattering and rheological 
measurements. 
The crosslinker concentration within the various hydrogels was varied from 1 to 15 
wt-% of the monomers. The amount of initiator used (KPS) for all polymerisation 
reactions was fixed at 0.4g (1.48 xlO^ mol) and the amount of water was fixed at 120 
mL. The amount of temperature sensitive NIP AM monomers used was fixed at 36g 
in each hydrogel. Table 6 shows the composition of the synthesised hydrogels with 
anionic and cationic monomers incorporated into them. A series of hydrogels 
consisting of crosslinked pNIPAM without any ionic monomers incorporated was also 
synthesised to act as a control (Table 7). These NIP AM based microgels Were given 
the prefix "NM" to identify them. 
Table 6; Composition data of the temperature sensitive hydrogels with ionic monomers 
incorporated 
Composition 
(e) NMl NM2 NM3 NM4 \ M ^ NM6 NM7.. NM8 NM9 NMIO N M l l NM12 
NIPAM 36.000 36.000 36.000 36.000 36.000 36.000 3&W0 36.000 36.000 36 000 36 000 
MAA 4.00 4.00 4.00 4.00 0 r o ' 0 0 1,42 1.42 1.42 1.42 
DMEMA 0 0 0 0 " 4 4 8 ^ 4 0 0 " "'4.00 4.00 2 J g 2 j 8 2 58 2 58 
MBA 3.000 2.000 0.800 0.200 3.060 2.000 0.800 0.200 3.000 2.000 0.800 0 200 
Crosslinldng 
density (%) 
15.00 10.00 4 4 0 1.00 15.00, 10.00,: 4 4 0 1.00 15.00 10.00 4.00 1.00 
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Table 7: Composition data of the pNIPAM liydrogels without ionic monomers incorporated 
Composition (g) NM13 NM14 NM15 NM16 
NIP AM 40.000 40.000 40.000 40.000 
MAA 0 0 0 0 
DMEMA 0 0 0 0 
MBA 3.000 2.000 0.800 0.200 
3.3 Particle size measurements 
The particle size measurements were carried out using light scattering (Malvern 
Mastersizer 2000, Malvern Instruments Ltd, Malvern, U.K.). In accordance to ISO 
13320 the Mastersizer 2000 operates using the Mie theory of light scattering. This 
is based on the concept that the wavelength of the light changes while traversing the 
particle. It is worth noting that in Rayleigh scattering this is not the case. It is also 
worth noting that Mie theory assumes that the particles are spherical. The particles 
produced by mechanical cutting are random shapes and therefore not spherical. The 
average particle diameter obtained from light scattering will be that of an equivalent 
sphere. The refractive index of the polymer particles was estimated as 1.59 as this is 
the refractive index of an acrylic latex and other polymer latexes according to ISO 
13320 and the Malvern Mastersizer Operators Guide The particle size 
characterisation was carried out across the pH range. The volume weighted mean 
particle diameter often referred to as the De Brouckere Mean diameter (D[4 3]) was 
determined. N a O H ( a q ) , H C l ( a q ) (O.IM and l.OM) and deionised water were added to 
yield suspensions with different pH values. The pH was measured using a standard 
Fisherbrand pH combination electrode (Fisher Scientific, Loughborough, U.K.) 
calibrated using standard buffer solutions (pH 4, 7 and 10). 
3.4 Mechanical properties of bulk hydrogels 
The stiffness of a material is the ability of the material to resist bending. The 
compression modulus of each of the bulk hydrogel blocks was determined via simple 
compression tests (Lloyds EZ 50, Fareham, UK). All measurements were carried out 
using cylindrical blocks of hydrogels with a diameter of 2.5 cm and a height of 4.0 
cm. The compression tests were carried out under atmospheric conditions (i.e. not in 
at aqueous environment). A 1 kN load cell at a loading rate of 1 mm/min was used. A 
stress-strain curve was then plotted and the gradient of the initial linear region was 
69 
used to determine the compression modulus of the hydro gel. Since the modulus is a 
material property, it can be assumed that it will be the same for the investigated 
microgels. This is provided that the chemical composition within the hydro gel is 
homogeneous. 
3.5 Adhesion properties of bulk hydrogels 
The adhesion of unswollen hydrogels to glass and mica was investigated using a 
KlOO tensiometer (Kruss GmbH, Hamburg, Germany). Unswollen hydrogels were 
used as it was too difficult to obtain a clean flat surface when cutting swollen 
hydrogels. A clean flat surface of hydrogel was achieved by placing the hydrogel in a 
mould and using a scalpel to cut the hydrogel. After each test the hydrogel was cut to 
reveal a fresh surface. A glass or mica slide was attached to the balance of the KlOO 
and lowered until a force was detected. A fresh glass or mica slide was used for each 
pull off test. The pull of test was repeated five times for each hydrogel at all four 
crosslinking densities. Upon detecting a force the balance was lowered 2mm to 
ensure full contact between the glass or mica slide and the hydrogel. The balance was 
then raised at a rate of 0.1 mm per minute and the pull off force was measured. A 
simple schematic of the procedure is shown in Fig. 30. 
Mica/Glass 
Hydrogel 
Balance 
Fig. 30: Experimental setup for adhesion tests 
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3.6 Rheological characterisation of microgel suspensions 
Rheological measurements were carried out using a Paar Physica UDS 200 rheometer 
(Anton Paar, Graz, Austria) with a Z3 and TEK 180 concentric cylinder attachment 
for viscous samples or a MK 20 or MK24 cone and a TEZ 180 plate attachment for 
elastic samples. Amplitude sweeps were carried out to determine the linear 
viscoelastic regions of suspensions, followed by frequency sweeps to determine the 
short and long term behaviour of the suspensions. Viscosity measurements as a 
function of shear rate were also carried out to determine if the microgel suspensions 
behave as Newtonian liquids. N a O H ( a q ) , HCI(aq) and deionised water were added to 
yield suspensions with pH values spread across the pH range whilst maintaining a 
constant volume throughout all samples prepared. The effect of pH, crosslinker 
concentration and monomer composition on the rheology of the microgel suspensions 
was investigated. 
3.7 Electrophoretic mobility measurements of microgels 
Electrophoretic mobilities were measured as a function of pH using a Zetamaster 
(Malvern Instruments Ltd, Malvern, U.K.). In order to maintain a constant (or as 
constant as possible) ionic strength throughout the measurements, a 1 mM KCl 
solution was used as a background electrolyte. N a O H ( a q ) , HCl{aq) (O.IM & IM) and 
DI water were added to yield suspensions with pH values between 2 and 12 at 
intervals of approximately 1-2 points on the pH scale. 
3.8 Optical microscopy of microgel particles 
Microscopic analysis of microgels was carried out using either an Olympus BX51M 
(Olympus, Japan) reflected light microscope or an Olympus BH2 confocal 
microscope. Both had an Olympus DP70 digital camera attached. The samples were 
prepared by placing a diluted microgel suspension on a glass slide (ImL suspension, 9 
mL DI water). The diluted suspensions were not allowed to dry as this would cause 
the microgel particles to shrink. Pictures of the microgels were than taken at 
magnifications of 10, 20 or 50. This allowed the particle sizes obtained from light 
scattering measurements to be verified. 
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3.9 Treatment and characterisation of glass beads for the 
model reservoir 
Richard Baker Harrison Ltd (Ilford, Essex, England) supplied 2 types of glass beads 
of equal size. The first were untreated and the second were coated using a 
hydrophobic silane. Hydrophilic/amphoteric beads (350g) were treated with 
concentrated sulphur chromic acid (300mL) and potassium dichromate (45g). The 
glass beads in the sulphur chromic acid were stirred for 48 h. The resulting modified 
glass beads were filtered, rinsed and dried in a vacuum oven at 60°C for 24 h. The 
sulphur chromic acid treatment removes any organic impurities from the surface of 
the beads. The particle size of the glass beads was provided by the manufacturer (106 
|im). The composition of the hydrophilic/amphoteric glass beads is given in Table 8. 
Table 8: Composition of glass beads 
Composition Mass (%) 
SiOz 70-73 
NaaO 13-15 
K2O 0.2-0.6 
CaO 7.0-11 
MgO 3.0-5.0 
AI2O3 0.5-2.0 
3.10 Wettability of the glass beads: capillary rise 
measurements 
The contact angle 9, as a measure of the wetting behaviour of the glass beads, was 
determined by using the capillary rise technique based on the Washburn equation^ 
.2 
cos 9 = 
m 
t 
-7 
(20) 
where m is the mass, t is the time, y is the surface tension of the liquid, Kc is a 
constant determined by using and full wetting liquid, i.e. a liquid (dodecane) that 
spreads without limits over the glass, r\ is the viscosity of the liquid, p is the density of 
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the hquid and 6 is the advancing contact angle of the liquid (water or dodecane). A 
KlOO tensiometer (Kriiss GmbH, Hamburg, Germany) was used to determine the rate 
of liquid imbibition into the packed bed of glass beads. The Washburn equation can 
be used because the glass beads are assumed to be a group of capillaries. The 
limitation of this calculation is that it assumes that the bulk density of the glass bead 
bed is uniform. 
3.11 Pore diameter determination of glass bead filter beds 
A liquid displacement method^^^ was used to determine the pore diameter (dp) of the 
packed bed of glass beads. The pressure required to force a liquid out of a pre-wetted 
porous solid by replacing it with a gas is measured. The pressure p at which bubbles 
first appear is called the bubble point pressure and is a measure of the capillary 
pressure. The pore diameter of the capillaries between the glass beads can then be 
calculated. 
(21) 
where y is the surface tension of the liquid, and 0 is the contact angle of the liquid. 
The liquid used to wet the filter bed was dodecane as it fully wets the glass beads (cos 
9 = 1). This technique has been used extensively to characterise commercial 
membranes but also polymer scaffolds for tissue engineering The 
experimental setup for the bubble point test is shown in Fig 31. 
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Computer vvjlh Image Analysis Software 
Breafctrlwough Cell 
Glass Beads 
Pressure Gauge 
133 Fig. 31; Experimental setup for the bubble point test adapted from Safina et al. 
3.12 Fluid loss experiments through a model reservoir 
A model reservoir consisting of a packed bed of glass beads in a steel cylinder 
(diameter 2.54 cm) was used to determine the ability of the synthesised microgels to 
control fluid loss, i.e. the ability of the microgels to reduce the water permeability of 
the packed bed of glass spheres. Standard BSP compression fittings were used at 
either end of the steel cylinder. All reducers and cormectors throughout the setup 
were standard BSP. Each connection was tested prior to use for leakage using soapy 
water. 
2 mL of each microgel suspension (M1-M12) was placed in 98mL of deionised water. 
The pH of the resulting suspension was modified by the addition of NaOH(aq), HCl(aq) 
(O.IM and IM). Each suspension was filtered at three different pH values; one acidic 
(pH 2.5), one neutral (pH 7), and one basic (pH 10). The microgel suspensions were 
filtered through a bed of glass beads (10 g) with varying surface characteristics. Three 
types of glass beads with different surface properties were used. The packed bed of 
glass beads was formed by filtering DI water (100 mL) through the glass beads (10 g) 
under 1 bar of nitrogen pressure. Fluid loss experiments were carried out under 
pressure of 1 bar nitrogen. The resulting filtrate was collected in a plastic beaker. 
The mass of filtrate as a function of time was measured by placing the plastic beaker 
on a balance connected to a computer. A schematic of the filtration setup is shown in 
Fig. 32. Fig. 33 shows a close up view of the filtration cell. Each filtration was 
repeated three times to enable averages to be calculated. A fresh sample of glass 
beads was used for each filtration. 
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Filtration Column — 
Computer 
Fig. 32: Model reservoir schematic 
Pipe 
Nut 
Sample Holder 
Backing-Ring 
Ferrel 
Glass beads 
0-Rlng 
-4 Mesh & Filter 
Fig. 33: Schematic of the filtration cell 
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4: Characterisation of polyelectrolytes, 
polyampholytes and hydrogels 
4.1 Linear polyelectrolytes and polyampholytes 
Cationic, anionic and a copolymer containing equal amounts of cationic and anionic 
repeating units were synthesised as described in chapter 3. The monomers used were 
MAA and DMEMA. The effect of pH on the rheology of the resulting linear 
polyelectrolytes and polyampholytes was investigated. 
The viscosity of a linear pMAA (7.5 wt-%) solution in water (92.5 wt-%) suddenly 
increases at pH 5 (Fig. 34) as the pH is increased from pH 2. This is due to the 
deprotonation of the carboxylic acid groups, therefore negative charges are introduced 
along the polymer. These Coulombic repulsions cause the polymer chains to repel 
one another and hence the viscosity increases. The viscosity plateaus at approximately 
pH 6.5 to 7 which corresponds to the MAA repeating units being completely 
deprotonated causing the polymer chain to expand and occupy the maximum space 
possible Similar results have been observed by Hoffmaim et al. for 
poly(acrylic acid) systems. 
0.014 
0.012 
0.010 
CO Q. 
P 0.008 
0.006 
0,004 
— p M A A 
Fig. 34: Viscosity of linear pMAA (7.5 wt-%) solution in water (92.5 wt-%) at a shear rate of 100 
s"' as a function of pH 
In the case of linear pDMEMA the opposite is true. As the pH is decreased from pH 
12, the tertiary amine in the DMEMA repeating units become protonated resulting in 
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the increase in viscosity due to polymer coil expansion (Fig. 35) below pH 8. The 
pKa of DMEMA monomers is approximately 8.25. 
0.0040 
0,0036 
U) 0.0032 
m O. 
0.0028 
0.0024 
0.0020 
— pDMEMA 
Fig. 35: Viscosity of linear pDMEMA (7.5 wt-%) solution in water (92.5 wt-%) at a shear rate of 
100 s"' as a function of pH 
In the case of the polyampholyte (a copolymer containing a 1:1 molar ratio of MAA 
and DMEMA) a combination of the linear pMAA and pDMEMA pH dependant 
viscosity behaviour is observed (Fig. 36). A minimum viscosity is observed at 
approximately pH 8. This can be explained by considering the linear p(MAA-co-
DMEMA) to behave as pMAA at high pH values and pDMEMA at low pH values. 
Similar results for polyampholytes have been reported 125 
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Fig. 36: Viscosity of linear p(MAA-co-DMEMA) (7.5 wt-%) solution in water (92.5 wt-%) at a 
shear rate of 100 s'* as a function of pH 
A copolymer of MAA and DMEMA results in a polyampholyte being formed which 
is sensitive to pH. These results show that all three compositions of monomers could 
be used for the synthesis of pH sensitive microgels. This demonstrates that all three 
polymer compositions could potentially be used for stimuli-sensitive microgels. 
4.2 Polyelectrolyte and polyampholyte hydro gels 
4.2.1 Introduction 
As described previously, hydrogels swell in water and the effect of the pH of the 
water on the extent of swelling of various polymers and copolymers was investigated. 
Also hydrogels containing NIP AM were synthesised and the effect of both pH and 
temperature on their swelling behaviour was investigated. pNIPAM undergoes a 
VPTT at 32 °o therefore a decrease in the swelling of pNIPAM based hydrogels was 
expected above this temperature. The extent of the effect of crosslinker concentration 
on the swelling behaviour of all the hydrogels was also investigated. 
Fig. 37 shows the theoretically expected swelling behaviour of the three systems 
when the isoelectric points of the acidic and basic repeating units in the polymer are 
equidistant above and below pH 7. The polyampholyte particles have no net charge at 
pH 7. The swelling behaviour of polyelectrolyte acidic hydrogel systems can be 
explained by taking into account the protonation of the carboxylic acid groups 
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and the Donnan equiUbrium In the case of the hydro gels containing only acidic 
repeating units, upon the addition of an acid to yield low pH values the hydrogel is in 
a collapsed state. This is due to the carboxylic acid groups within the hydrogel 
particle being fully protonated, therefore no repulsion between like charges occurs 
and no counter ions are present in the gel. Also the ionic strength of the bulk aqueous 
phase is higher than in the hydrogel particles causing water inside the hydrogel 
particle to diffuse into the bulk to reduce the ionic strength of the bulk aqueous phase. 
As the pH increases above the pKa of the MAA repeating unit (pH =,4.35) the 
increased concentration of ionised carboxylic acid groups raises the osmotic pressure 
within the gel causing the gel to swell. The increase in osmotic pressure is due to 
counter ions diffusing into the gel, therefore water also diffuses into the gel to reduce 
the ionic strength. In the case of a polymer consisting of repeating units containing 
only basic moieties the reverse is true. Due to the protonation of the base, (a tertiary 
amine) the charge is introduced at low pH. Therefore the maximum swelling occurs 
at low pH values. 
The theoretical swelling behaviour of a copolymer containing both acidic and basic 
repeating units is assumed to be a combination of the behaviour of acidic and basic 
repeating units. A plateau in the range of pH 1 to 2 and 12 to 14 indicates that the 
basic and acidic moieties present in the polymer dominate the swelling, respectively. 
A minimum particle size is observed at pH 7 which is the point equidistant between 
the isoelectric points of both the acidic and basic repeating units. At this point the 
balance of negatively and positively charged repeating units is equal and therefore no 
net charge is present and no swelling is observed. 
Basic monomer 
-Acidic monomer 
Polyampholyte 
10 12 14 
Fig. 37: Schematic of the theoretical swelling behaviour of anionic, cationic and polyampholyte 
systems 
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4.2.2 Swelling studies of polyelectrolyte and polyampholyte hydrogels 
4.2.2.1 Swelling behaviour of pMAA hydrogels: effect of pH and crosslinker 
concentration 
The effect of pH on the swelling behaviour of pMAA hydrogels is significant. Both 
the volume (Fig. 38) and the mass (Fig. 39) increase substantially with increasing pH. 
The lower the crosslinker concentration the larger the volume or mass change 
observed. This behaviour can be explained by the deprotonation of the carboxylic 
acid units and the resulting Dorman equilibrium that is set up. The volume and mass 
change follows a similar pattern to that of the viscosity of linear pMAA. Similar 
results have been reported in the literature for polyelectrolyte hydrogels containing 
carboxylic acid groups In the 1 wt-% MBA crosslinked hydrogel both the 
volume and mass increase by approximately 3000 %. 
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Fig. 38: Volume change as a function of pH for pMAA hydrogels with varying crosslinker 
concentration 
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Fig. 39: Mass change as a function of pH for pMAA hydrogels with varying crosslinker 
concentration 
4.2.2.2 Swelling behaviour of pDMEMA hydrogels: effect of pH and crosslinker 
concentration 
The effect of pH and crosslinker concentration on the mass and volume of pDMEMA 
hydrogels was also investigated. At lower crosslinker concentrations (1 wt-% MBA 
and 4 wt-% MBA) the hydrogels broke apart after a short period of swelling, therefore 
no data is available. This is probably due to the hydro gel crosslinking being 
heterogeneous. Therefore in parts of the hydrogel too few crosslinks are holding the 
hydrogel together and upon swelling the hydrogels break apart. The volume (Fig. 40) 
and mass (Fig. 41) of pDMEMA hydrogels increase as the pH is decreased following 
the same pattern as the viscosity of the linear pDMEMA. Similar results have been 
reported for cationic hydrogels 141-144 . However it is worth noting that the pDMEMA 
hydrogels need to contain larger amounts of crosslinks to prevent them breaking 
apart. This restricts the maximum amount of swelling. This is an important 
consideration when choosing possible monomers for microgels. 
81 
130 
120 
^ 110 
& 100 
a> 
O) 90 
" 80 O 
<u 70 
60 
50 
40 
30 
20 
10 
[Crosslinker] 
- • - 1 5 w t - % (H5) 
- • - 1 0 w t - % ( H 6 ) 
12 
Fig. 40; Volume change as a function of pH for pDMEMA hydrogels with varying crosslinker 
concentration 
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Fig. 41: Mass change as a function of pH for pDMEMA hydrogels with varying crosslinker 
concentration 
4.2.2.3 Swelling behaviour of p(DMEMA-co-MAA) hydrogels: effect of pH and 
crosslinker concentration 
The effect of pH and crosslinker concentration on the mass and volume of p(MAA-
co-DMEMA) hydrogels was also investigated. As for the pDMEMA hydrogels, at 
low crosslinker concentration (1 wt-% MBA) the copolymer hydrogels became 
extremely swollen and eventually broke apart due to excessive swelling. Also at high 
pH (above 8) large swelling occurred (similar to at low pH) but the hydrogels broke 
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apart before the swelling equilibrium was reached. The swelling behaviour of 
p(MAA-co-DMEMA) is a combination of the swelling behaviour of the pMAA and 
pDMEMA hydrogels as is the case of the viscosity in the linear polyampholyte 
systems. Similar results have been reported for other polyampholyte hydrogels 
This shows that the composition of the polyampholyte systems could be used for 
microgels. It is worth noting that when the hydrogels fragmented they formed gel 
particles in the region of several mm in diameter. Therefore microgels consisting of 
a copolymer of MAA and DMEMA are a possible option but ultimately may not be 
stable. 
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Fig. 42: Volume change as a function of pH for p(MAA-co-DMEMA) hydrogels with varying 
crosslinker concentration 
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Fig. 43: Mass change as a function of pH for p(MAA-co-DMEMA) hydrogels with varying 
crosslinker concentration 
4.2.3 Swelling studies of pNIPAM based hydrogels 
The second series of hydrogels were NIP AM based. They consist of 90 wt-% 
pNIPAM and 10 wt-% MBA of the monomers used in the first series. This enables the 
synthesis of both pH and temperature sensitive hydrogels. 
4,2.3,1 Swelling behaviour of p(NIPAM-co-MAA) hydrogels: effect of pH and 
crosslinker concentration 
At low crosslinking densities (1 wt-% MBA and 4 wt-% MBA) the p(NIPAM-co-
MAA) hydrogels broke apart at all pH values except very acidic pH values (below pH 
= 4). The swelling behaviour of the p(NIPAM-co-MAA) hydrogels is similar to that 
of the pMAA hydrogels but the hydrogels swell to a lesser extent. This is due to less 
ionisable groups being present in the hydrogel. Both the volume (Fig. 44) and the 
mass (Fig. 45) increase with increasing pH. This shows that the p(NIPAM-co-MAA) 
hydrogels are pH sensitive, however the crosslinker concentration need to be greater 
than in the pMAA hydrogels to prevent fragmentation. 
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Fig. 44; Volume change as a function of pH for p(NIPAM-co-MAA) hydrogels with varying 
crosslinker concentration 
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Fig. 45: Mass change as a function of pH for p(NIPAM-co-MAA) hydrogels with varying 
crosslinker concentration 
4.2.3.2 Swelling behaviour of p(NIPAM-co-DMEMA) hydrogels: effect of pH and 
crosslinker concentration 
The p(NIPAM-co-DMEMA) hydrogels exhibit pH dependent swelling with a 
maximum swelling at pH 2. This is similar to the pDMEMA hydrogels except at high 
pH values (>10) an increase in swelling is observed and the lowest crosslinked sample 
demonstrates this most significantly. This is possibly due to the hydrolysis of the ester 
group in the DMEMA repeating units resulting in the formation of carboxylate 
groups, hence swelling also occurs at high pH. 
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Fig. 46: Volume change as a function of pH for p(NIPAM-co-DMEMA) hydrogels with varying 
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Fig. 47: Mass change as a function of pH for p(NIPAM-co-DMEMA) hydrogels with varying 
crosslinker concentration 
4.2.3.3 Swelling behaviour of p(NIPAM-co-MAA-co-DMEMA) hydrogels: effect 
of pH and crosslinker concentration 
The swelling behaviour p(NIPAM-co-MAA-co-DMEMA) hydrogels is similar to that 
of the p(MAA-co-DMEMA) hydrogels but the amount of swelling is significantly 
smaller. This is due to a reduction in ionisable groups present in the hydrogel. The 
reduction in ionisable groups results in a decrease in the difference in ionic strength 
between the hydrogel and the bulk water. Therefore the hydrogel needs to swell less 
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to equilibrate the difference in the Donnan potentials. A minimum volume change is 
observed between pH = 6 and 8.5 (Fig. 48) and a minimum mass change (Fig. 49) is 
observed at approximately pH 8. It is interesting to note that although swelling occurs 
above and below the minimum swelling point, maximum swelling occurs at high pH. 
This indicates that the MAA groups in the polymer must dominate the swelling 
behaviour of the hydrogel. 
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Fig. 48: Volume change as a function of pH for p(NIPAM-co-MAA-co-DMEMA) hydrogels with 
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4.2.4 Swelling behaviour of NIP AM based hydrogels as a function of 
temperature and crosslinker concentration 
The effect of temperature on the sweUing of pNIPAM based hydrogels was 
investigated. The volume and mass of hydrogels was measured as a function of 
temperature (25-75°C). All swelling experiments were carried out in deionised water 
at pH 6.5-7. The hydrogels contained crosslinker concentrations ranging from 1 wt-% 
MBA to 15 wt-% MBA. Initially each hydrogel was placed in a 1 litre air tight beaker 
of water and left to swell for four weeks at room temperature to reach their 
equilibrium swelling position. The equilibrium swelling position is when a hydrogel's 
mass becomes constant. To investigate the effect of temperature the beakers 
containing hydrogels were placed in an oven at the required temperature for 5 days. 
As the temperature was increased the change in mass and volume (if any) was 
recorded. As described previously the glass beakers were covered with Parafilm to 
prevent evaporation. 
4.2.4.1 Swelling behaviour of p(NIPAM-co-MAA) hydrogels as a function of 
temperature and crosslinker concentration 
As discussed earlier pNIPAM undergoes a volume phase transition at approximately 
32 '^ o. This VPTT is the result of a significant decrease in the solubility of pNIPAM 
due to the disruption of hydrogen bonding between water and NIP AM repeating units 
This disruption results in the polymer collapsing. Therefore as the temperature of 
the p(NIPAM-co-MAA) hydrogel is increased, the mass and volume of the hydrogel 
decreases. This is clearly seen in Fig. 50 and 51 which show a decrease in both 
volume and mass at approximately 30°C. The 1 wt-% MBA crosslinked hydrogels 
broke apart on heating due to insufficient crosslinks being present, therefore no data is 
available for the change in mass or volume. The 4 wt-% MBA crosslinked sample is 
affected greatest by the change in temperature. This is due to less crosslinks being 
present, therefore the hydrogel is weaker and can collapse to a greater extent than a 
highly crosslinked hydrogel. However the 4 wt-% MBA hydrogel has enough 
crosslinks present to prevent it breaking apart as in the 1 wt-% MBA sample. It is 
also worth noting that the lower the crosslinker concentration the greater the 
hydrogels swell, therefore when they collapse the change in mass/volume is 
significantly higher than in the hydrogels with higher crosslinker concentration. This 
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is because the higher crosslinked hydrogels do not swell as much as the lower 
crosslinked samples due to the restriction from the extra crosslinks. 
100 
90 
80 
70 
60 
5 0 
40 
[Crosslinker] 
— • — 15 wt-% 
— • — 1 0 wt-% 
— A— 4wt~% 
20 30 40 50 
Temperature ( C ) 
60 70 
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4.2.4.2 Swelling behaviour of p(NIPAM-co-DMEMA) hydrogels as a function of 
temperature and crosslinker concentration 
The p(NIPAM-co-DMEMA) hydrogels exhibit similar behaviour to the p(NIPAM-co-
MAA) hydrogels with respect to temperature. A dramatic decrease in both mass and 
volume is observed between 30-50°C (Fig. 52 and 53). The lower crosslinked 
hydrogels (1 wt-% MBA and 4 wt-% MBA) collapse further than the highly 
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crosslinked hydrogels (10 and 15 wt-% MBA). This is due to the amount of 
crosslinks maintaining the structure of the hydrogels in the lower crosslinked samples 
being significantly less than in the highly crosslinked hydrogels. Therefore the lower 
crosslinked hydrogels can collapse to a greater extent than the rigid highly crosslinked 
hydrogels. 
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Fig.52: Mass change as a function of temperature for p(NIPAM-co-DMEMA) hydrogels with 
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4.2.4.3 Swelling behaviour of p(NIPAM-co-MAA-co-DMEMA) hydrogels as a 
function of temperature and crosslinker concentration 
The reduction in mass and volume at the VPTT of the p(NIPAM-co-MAA-co-
DMEMA) hydrogels is less dramatic than the p(NIPAM-co-MAA) or p(NIPAM-co-
DMEMA) hydrogels. There is a steady decrease in both mass and volume with 
increasing temperature at all crosslinking densities. This is possibly due to ionic 
bonding between the anionic and cationic repeating units in the hydrogels. Therefore 
an increase in the ability of the hydro gel to resist collapse is observed due to the ionic 
bonds which act as crosslinks. 
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Fig. 54: Mass change as a function of temperature for p(NIPAM-co-MAA-co-DMEMA) 
hydrogels with varying crosslinker concentration 
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Results for the effect of temperature on the swelling behaviour of NIP AM based 
hydrogels with various anionic and cationic repeating units have been reported in the 
literature The pH at which the experiments were carried out was shown to 
affect the amount and temperature at which the gels collapse These results follow 
the same patterns with respect to swelling as the results reported in the literature 
4.3 Mechanical properties of bulk hydrogels 
The mechanical properties of microgels are of great interest when considering their 
filtration behaviour. When a microgel particle is blocking the pore of a rock it needs 
to be rigid enough to withstand the exerted pressure from the water above and not 
deform and flow through the pore. However it is rather difficult to measure the 
compression modulus of a microgel particle. This is because they are very small and 
have an irregular shape. It is much easier to measure the compression modulus of a 
macroscopic hydro gel slab of the same composition. 
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Fig. 56: Compression moduli of hydrogels as a function of crosslinker concentration 
The effect of crosslinker concentration on the compression moduli of the bulk 
hydrogels is shown in Fig. 56. As the crosslinker concentration is increased the 
compression modulus increases from 5 to 350 kPa. These values are show a similar 
trend to those reported in literature for poly (2-hydroxyethyl methacrylate-co-
acrylic acid) gels which were in the range of 34 kPa at low crosslinker concentration 
rising to 380 kPa as the crosslinker concentration was increased. As the number of 
crosslinks in a gel is increased the gel becomes increasingly rigid due to the formation 
of a stronger gel network. This results in an increase of the gel's ability to resist 
deformation, hence an increase in the compression modulus is observed. The 
copolymer gels have consistently higher compression moduli; this is probably due to 
the coulombic interactions of the oppositely charged repeating units resulting in the 
formation of ionic bonds. 
The effect of pH and therefore the swelling, on the compression modulus was also 
investigated. pMAA, pDMEMA and p(MAA-co-DMEMA) hydrogels (4 wt-% 
MBA) were swollen in deionised water at different pH values for 4 weeks. The pH of 
the water was maintained by the addition of NaOH or HCl (O.IM & IM). The 
pDMEMA hydrogels (Fig. 57) demonstrated a decrease in the compression modulus 
with a decrease in pH and an increase in swelling. The maximum compression 
modulus was observed at pH 11. The pMAA also demonstrated a decrease in the 
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compression modulus with increasing swelling and pH. A maximum compression 
modulus was observed at pH 2.5 (Fig. 58). 
This can be explained by considering the crosslinks of the hydrogel when swollen. 
The gels are in a state of swollen equilibrium, the crosslinks are restricting further 
swelling whilst the osmotic pressure due to the Dontian equilibrium is preventing the 
hydrogels from collapsing. This results in the number of crosslinks per unit volume 
being significantly lower than in a collapsed gel. Any externally applied force would 
therefore compress the hydrogels more easily when in the swollen state than in the 
collapsed state. 
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Fig. 57: Mechanical properties of pDMEMA hydrogels at different pH values 
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Fig. 58: Mechanical properties of pMAA hydrogels at different pH values 
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In the case of the p(MAA-co-DMEMA) hydrogels the hydrogels swollen above pH 8 
broke apart within a few days. Therefore it was not possible to measure the 
compression moduli of the copolymer hydrogels above pH 8. The p(MAA-co-
DMEMA) hydrogels do not follow the same pattern with regard to the effect of 
swelling on the compression modulus (Fig. 59). As the pH is decreased from pH 8 
and hence the swelling increases, the compression modulus increases. This is the 
opposite of what happens in the pMAA and pDMEMA systems. Interestingly, as the 
pH is increased from 2.5 the hydro gel's compression modulus decreases until the 
point at which the hydrogels break apart (above pH 8). Therefore it is possible to 
conclude that the swelling is not the dominant factor when considering the 
compression modulus of the copolymer, the hydrogels breaking apart causes the 
reduction in the compression moduli. 
120 
I 100 
80 
2 
Q. 
E 
O 40 
20 
-
" i 
1 
1 
1 
pH 
Fig. 59: Mechanical properties of p(MAA-co-DMEMA) hydrogels at different pH values 
The unswollen hydrogels used to determine the effect of crosslinker concentration on 
the compression modulus have significantly higher compression moduli than the 
swollen hydrogels. This is primarily due to the polymer and crosslinker concentration 
within the swollen gels being significantly lower due to the uptake of large volumes 
of water. 
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4.4 Summary 
Linear polyelectrolytes pMAA, pDMEMA and polyampholyte p(MAA-co-DMEMA) 
were synthesised and characterised using rheological measurements. The effect of pH 
on the viscosity was investigated for all three linear polymers. The linear pMAA 
showed a significant increase in viscosity above pH 5. The linear pDMEMA system 
showed a significant increase in viscosity below pH 8. The polyampholyte p(MAA-
co-DMEMA) displayed a minimum viscosity at approximately pH = 8 and upon 
increasing or decreasing the pH from this value, the viscosity increased. These 
observations can be explained by taking into account the charges on the linear 
polymers. When the polymers are uncharged there is no repulsion between the 
repeating units on the polymer chain. However when the pH is changed by the 
addition of acid or base, the repeating units become ionised and repel one another. 
This repulsion between the charged groups leads to the polymer chain expanding and 
therefore taking up more space within the solvent and hence an increase in viscosity is 
observed. 
pMAA, pDMEMA and pMAA-co-pDMEMA cylindrical macrogels crosslinked with 
MBA were synthesised and the effect of pH on their swelling was investigated. The 
resulting increase or decrease in their mass and volume was recorded. The pMAA 
hydrogels exhibited an increase in both volume and mass above pH = 3 with a 
maximum occurring at pH = 11. The lowest crosslinked sample (1 wt-% MBA) 
demonstrated the largest change in volume and mass. For the pDMEMA hydrogels 
increasing the pH led to a decrease in both the mass and volume of the hydrogels. At 
low crosslinking densities (1 and 4 wt-% MBA) the hydrogels broke apart after 48 h 
of swelling. As for the pMAA systems the lower the crosslinker concentration the 
greater the maximum change in mass and volume observed. In the p(MAA-co-
DMEMA) hydrogels a minimum mass and volume was observed at pH 8. However, 
above pH 8 the hydrogels broke apart after 48 hours of swelling. As in the two 
previous systems the lower the crosslinker concentration the greater the maximum 
mass and volume observed. At the lowest crosshnker concentration (1 wt-% MBA) 
the hydrogels also crumbled after 48 h of swelling. The amount of swelling is 
dependent on the balance between the elasticity of the hydrogels due to the crosslinks 
and the osmotic pressure causing the swelling. Therefore as the crosslinker 
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concentration is decreased the hydrogels swell more because of the reduced modulus 
of the gel 
In an attempt to create both temperature and pH sensitive hydrogels a series of 
pNIPAM hydrogels containing monomers of MAA, DMEMA and both MAA and 
DMEMA incorporated into them were synthesised. p(NIPAM-co-MAA) 
demonstrated an increase in both volume and mass with increasing pH. However at 
low crosslinker concentration (1 and 4 wt-% MBA) above pH 4 the hydrogels are 
unstable and broke apart after several days. The p(NIPAM-co-DMEMA) hydrogels 
are stable at all crosslinking densities and at all pH values. In general, as the pH is 
decreased an increase in both mass and volume is observed. However, at high pH 
values (>pH = 11) an increase in mass and volume is also observed, which is due to 
base hydrolysis of the ester group within the DMEMA repeating units resulting in the 
formation of carboxyl groups. The p(NIPAM-co-MAA-co-DMEMA) hydrogels 
demonstrated a minimum volume and mass between pH = 7 and pH = 9. At pH 
values above and below the observed minimum the mass and volume increased with 
increasing or decreasing pH. As seen in the previous systems the lower the crosslinker 
concentration the larger the mass and volume change. 
p(NIPAM-corMAA), p(NIPAM-co-DMEMA) and p(NIPAM-co-MAA-co-DMEMA) 
hydrogels were shown to undergo a volume phase transition at 30-50°C. On 
increasing the temperature further the hydrogels continued to decrease in both volume 
and mass. The volume and mass of the lower crosslinked hydrogels (1 and 4 wt-% 
MBA) were observed to decrease the most on increasing temperature. This can be 
explained by considering the number of crosslinks present and therefore the ability of 
the hydro gel to withstand collapse. 
The effect of crosslinker concentration on the compression modulus of hydrogels was 
investigated. In all three systems the compression modulus increased with increasing 
crosslinker concentration and is comparable to literature values obtained for 
hydrogels. The compression modulus increased due to the increase in the crosslinker 
concentration which results in an increase in the rigidity of the hydrogels. In the case 
of the pMAA and pDMEMA hydrogels, the compression modulus of the gels 
decreased with increasing swelling. The compression modulus of p(MAA-co-
DMEMA) hydrogels demonstrates the opposite behaviour, it increases with increasing 
swelling. Interestingly, as the pH of the p(MAA-co-DMEMA) hydrogel is increased 
from 2.5 the compression moduli decreases until the point at which the hydrogels 
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crumble (above pH 8). Therefore it is possible to conclude that the swelling is not the 
dominant factor when considering the compression moduli of the p(MAA-co-
DMEMA) hydrogels, fragmentation of the hydrogels causes the reduction in the 
compression moduli. Overall, temperature and pH sensitive hydrogels have been 
synthesised and characterised using several analytical techniques. 
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5: A new method for the preparation of 
surfactant free microgels* 
5.1 Introduction 
The preparation and properties of |^ m to mm sized surfactant free hydrogel particles 
by a straight forward mechanical cutting method was described in the experimental 
section (Chapter 3). The particle size distribution of pMAA based microgel particles 
was controlled by the duration and cutting rate of the mechanical cutter. This 
potentially enables the rheology of the dispersions to be controlled. The swelling 
behaviour was determined by measuring the particle sizes of the microgels by light 
scattering. 
5.2 Results 
5.2.1 Synthesis of microgels and determination of their swelling 
equilibria 
When a block of hydrogel is placed in deionised water it is seen to swell over a period 
of a few days until equilibrium is established. It was therefore important to measure 
the particle size distribution of freshly prepared microgels when they are at their 
equilibrium swelling position rather than immediately after cutting. The particle size 
of microgels from systems Ml-4 (pMAA microgels containing 1-15 wt-% MBA) was 
followed for several days to determine the time needed for the microgels to fully swell 
(Fig. 60). The volume weighted mean diameter of the microgels is represented by 
D[4,3]. All particle size measurements were taken 1 h after mechanical cutting. The 
particle size of the microgels remained constant over a period of 11 days (Fig. 60). 
Upon changing the pH of the suspension the microgel particles reached equilibrium in 
less than a minute as shown in Fig. 61. 
* Published: J. M. Griffin etal. Journal of Applied Polymer Science, vol 104, p 1912-1917, 2007. 
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Fig. 60: Swelling of system Ml-4 (pMAA) microgels over a period of 11 days 
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Fig. 61: Swelling of system Ml-4 microgels upon addition of NaOH(a <,.)at Time = 0 s 
Fig. 62-65 shows micrographs of hydrogel particles Ml to M4, respectively. 
Obviously the mechanical cutting procedure is ripping the bigger particles apart, 
which results in the observed random shapes of the microgel particles. 
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Fig. 64: Microscope image of M2 Fig. 65: Microscope image of Ml 
5.2.2 Effect of duration and rate of shear upon the particle size 
distribution of the microgels 
Fig. 66 shows that the mean particle diameter D[4,3] of Ml decreases as a function of 
cutting time. After 10 min of cutting the particle size distribution is bimodal but as the 
cutting time progresses the suspension becomes eventually monomodal. This is due to 
the hydrogel blocks initially being broken into smaller microgel particles in the order 
of 100 |im, which are then further broken down into smaller microgel particles. The 
data in Fig. 67 show a decrease in particle size with increasing shear rate. 
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Fig. 67: Comparison of the average particle size (D|4,3]) at different cutter speeds over a 4 h 
cutting period for system Ml 
The mode average (i.e. largest number of occurrences) of the particle size distribution 
of M2 (Fig. 68), shifts from approximately 100 pm to 10 )J.m over the 4 h cutting 
period. The mode average particle size distribution of M2 after 10 min of mechanical 
cutting was approximately 100 |j,m, though for gel M l the mode average is much 
closer to 10 |im. This again indicates that the particles are initially being chopped into 
approximately 100 p,m particles and subsequently torn in to smaller particles. 
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Fig. 69: Comparison of the average particle size at different shear rates over a 4 h cutting period 
for system M2 
Gel M3 demonstrates the same behaviour as Ml and M2 with respect to the effect of 
shear rate and duration of cutting on the average particle size. However the mode 
average particle size is larger than previous systems. Fig. 70 shows that the particle 
size distribution of M3 remains bimodal throughout the whole cutting process. 
However, the mode average particle size decreases with time, since the volume of the 
10 |im microgels increases while the volume of the 100 |im microgels decreases. This 
is probably due to the 100 |j.m microgels being cut into smaller microgels. If the 
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duration of cutting was extended the particle size distribution could therefore be 
expected to become eventually monomodal. 
240 min 
— 180 min 
A— 120 min 
* — 60 min 
• ~ 4 5 min 
• — 30 min 
•— 20 min 
10 min 
10 100 
Particle Size (nm) 
1000 
Fig. 70: Particle size distribution plots of hydrogel M3 over a 4 h cutting period at 10k rpm 
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Fig. 71: Comparison of the average particle size at different shear rates over a 4 h cutting period 
for system M3 
The same trend as for M3 was observed for M4 with regards to the effect of shear rate 
and duration of cutting on the particle size distribution. However, as for M3 the 
particle size distribution is consistently bimodal throughout the 4 h period of cutting. 
The average microgel particle size of M4 remains larger at all cutting speeds. 
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for system M4 
5.3 Discussion 
All four systems show that as the duration of cutting or the speed of the mechanical 
cutting increases the mean microgel particle diameter decreases. The average particle 
diameter of the highly crosslinked (15 wt-% MBA) hydrogel M l decreases by 37% as 
the speed of the mechanical cutter is increased from 10 to 30 krpm when compared to 
the particle size after 10 min of cutting. However the particle diameter of M4, which 
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has a lower crosslinker concentration (1 wt-% MBA) decreases by 69% as the speed 
of the mechanical cutter is increased from 10 to 30 krpm. The average particle size of 
M2 and M3 decreased by 49% and 60% respectively as the mechanical cutting speed 
was increased from 10 to 30 krpm. 
The lower the crosslinker concentration of the hydro gel to be cut, the larger the 
particle diameter at any given speed and duration of mechanical chopping (Fig. 74-
75). The lower crosslinked hydrogels have a lower compression modulus (Chapter 4) 
and are more flexible and may deform more easily in the mechanical cutter resulting 
in larger particles. 
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Fig. 74: Comparison of the effect of mechanical cutter speed on the de Brouckere Mean diameter 
of hydrogel suspensions after 4 h of cutting. The size of the symbol represents the standard 
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5.4 pH dependent swelling of pMAA microgels 
The effect of pH on the particle size of all four systems was investigated and the 
results are summarised in Figs. 76-77. The particle size increases as the pH is 
increased until a maximum size is reached at about pH 8. These results can be 
explained by taking into account the ionisation of the carboxylic acid groups and the 
Dorman equilibrium ^ and was discussed in detail for pMAA hydrogels in chapter 4. 
As the pH increases around the pKa of the MAA repeating unit (pfQ = 4.35) the 
increased ionisation of the carboxylic acid groups results in counter ions entering the 
microgel which raises the osmotic pressure within the gel. However at pH >10 the 
ionic strength of the bulk water causes the osmotic pressure to decrease, giving a 
maximum in size at near neutral pH. 
The amount of swelling of the microgels is dependent on the crosslinker 
concentration. As expected the higher the crosslinker concentration the lower the 
degree of swelling 14, 17 due to the crosslinks restricting the microgel swelling. As 
shown in Fig. 61 the swelling of the microgel particles take approximately 30- 45 s. 
The particle size was also monitored over a period of several days (Fig. 60) indicating 
that the swelling equilibrium position is reached within a minute. Research has 
been carried out on the transport of water through hydrogel membranes (including 
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contact lenses) which gave diffusion coefficients of 2-7 x 10 cm /s and permeabilities 
of 0.7-6.5 cm/s. These results indicate that it is possible for the microgel particles to 
reach equilibrium within the measured time of 30-45 s. 
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In contrast to commonly used emulsion/precipitation polymerisation techniques, this 
technique enables the concentration and particle size distribution of the raicrogel 
suspensions to be easily controlled, therefore allowing the rheology of the suspensions 
to be tuneable. However the particle shape is not controlled and is random. This is 
not the case for emulsion polymerisation techniques which produce microgels in the 
108 
nanometre range and occasionally up to several micrometres in size. 
Emulsion/precipitation polymerisation techniques require the use of surfactants and 
there are limitations to the concentrations of microgels obtainable. The particle size is 
not easily varied, as the concentration of a surfactant can be used to a certain extent 
to control the colloid size, but a range of surfactants is needed to synthesise microgels 
of different sizes Surfactants have been shown to interact with the polymer 
colloid and influence the properties of the resulting suspension It is also worth 
noting that when using the mechanical cutting technique the total volume of the 
microgel phase is known as the volume of hydrogel chopped up is known. However 
in the case of emulsion polymerisation the actual dispersed volume phase is unknown 
and is usually estimated using the concentration of monomers polymerised and the 
average particle size. The intended applications of these microgel systems are in oil 
recovery, therefore large volumes of microgel suspensions are required and cost is 
paramount. This new technique is much better suited for the intended application than 
other techniques such as emulsion/inverse emulsion polymerisation. 
5.5 Summary 
A simple method for the preparation of stimuli sensitive microgel dispersions has 
been presented. High shear mechanical cutting yielded surfactant free hydrogel 
dispersions. The sizes of the resulting microgel particles, characterised by light 
scattering were in the region of 10 to 250 |im. This technique allows for the particle 
size to be controlled by altering the speed of the mechanical cutter and/or the duration 
of cutting. As the speed of the mechanical cutter or the duration of cutting is increased 
the particle size decreases. The lower the crosslinker concentration of the hydrogel, 
the lower the compression modulus, and the larger the particle size of the resulting 
microgel at any given speed or duration of cutting. The lower crosslinked and, 
therefore, more flexible hydrogels probably deform in the mechanical cutter rather 
than being torn into smaller particles. The pMAA microgels swell with increasing pH, 
having a maximum particle size between pH 8-10. The lower the crosslinker 
concentration the larger the swollen particle. The time needed for these particles to 
swell to equilibrium is approximately 30-45 s. 
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6: Characterisation of pMAA, 
pDMEMA and p(MAA-co-DMEMA) 
microgels 
6.1 Introduction 
In this chapter an acidic, basic and polyampholytic copolymeric microgel systems 
consisting of acidic and basic repeating units will be described. The effect of pH on 
the particle size distribution and rheological properties of the microgels will be 
investigated. The characterisation of polyelectrolyte and polyampholyte particle 
dispersions in the pm size range which have been prepared by a simple mechanical 
cutting technique (Chapter 3.3) is described. 
6.2 Results and discussion 
6.2.1 Characterisation of pMAA microgel dispersions 
The results of the effect of pH on particle size for all four crosslinking densities have 
been reported and interpreted previously in chapter 5. 
Fig. 78 compares the viscosity of pMAA dispersions at a shear rate of 100 s"' across 
the pH range. This shear rate was chosen to enable the comparison of low and high 
viscosity microgel suspensions of different chemical composition, because of the fact 
that the zero shear viscosity was not always obtainable through measurement or 
extrapolation. For swollen suspensions this shear rate is in the shear thinning region 
of the curve and for microgel suspensions containing collapsed particles it is in the 
Newtonian section. As the pH is increased the charge in the gel increases, causing the 
particles to swell and therefore the volume of the dispersed phase increases causing 
the viscosity to increase. Simultaneously, the charge on the surface of the gel 
increases causing an increase in electrostatic repulsion between particles and hence an 
increase in viscosity. The lower the crosslinking density the larger the difference 
between the maximum and minimum viscosities. This is due to the swelling of the 
microgels being restricted less in the lower crosslinked microgels due to less 
crosslinks. The change in the particle size as a function of pH correlates well with the 
change of viscosity as a function of pH. M3 (4 wt-% MBA) has a much lower 
crosslinker concentration than Ml (15 wt-% MBA) and M2 (10 wt-% MBA) and 
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therefore the dispersed hydro gel particles are less constrained and able to swell to a 
greater extent than Ml and M2. 
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Fig. 78: Viscosity as a function of pH at a shear rate of 100 s"' for pMAA dispersions Ml-4 (15-1 
wt-% MBA) 
Using the particle size distribution data described in chapter 5 and recording the 
amount of hydro gel chopped up via the mechanical cutting technique it is possible to 
calculate the concentration of microgels. It is therefore possible to calculate the 
effective volume fraction of the microgel suspension across the pH range (Fig. 79). 
The limitation of this calculation is the assumption that the particles are spherical and 
monodispersed having an average particle diameter. The maximum theoretical 
packing fraction of "hard spheres" is 0.74 for hexagonal close packing. However, 
these microgels are far from behaving as "hard spheres" and can therefore have an 
effective volume of 1.0 if the amount of water present is less than the amount of water 
the microgels can absorb. However, this assumes that the osmotic pressure in the 
particles is greater than the electrostatic repulsion caused by the deprotonated 
carboxylic acid groups on the surface of the microgel particles. When very little or no 
bulk water is left the microgels behave like a gel rather than a microgel suspension. 
Ml-3 have very small effective volumes and therefore the corresponding viscosities 
are also very low. 
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Fig. 79: Calculated effective volume fraction of pMAA microgels Ml-4 as a function of pH 
Between pH 7 and pH 9.25 suspension M4 takes up all the bulk water and has the 
maximum effective volume fraction which corresponds well with both the maxima in 
the viscosity (Fig. 78) and particle size data (Fig. 76-77). However, the effective 
volume does not account for the difference in viscosity between pH 7 and pH 9.25 
(Fig.78). Therefore factors other than effective volume are involved in the increase 
and subsequent decrease in viscosity between these pH values. The continued increase 
in pH and therefore the increased deprotonation of the carboxylic acid groups results 
in increased electrophoretic mobility (Fig. 80) and ^-potential (Fig. 80) therefore the 
energy required to overcome electrostatic repulsion between colloidal particles and 
form a gel network is greater. Therefore it may be the case that the maximum 
effective volume of 1 is not reached until pH = 8.5 due to electrostatic repulsion 
between particles preventing the uptake of 100% of the bulk water. The subsequent 
decrease in viscosity can be explained by the increase in ionic strength and therefore 
the reduction of the electrical double layer of the particles. Hence particles can move 
closer together before electrostatic repulsion occurs, therefore a reduction in the 
viscosity is observed. As the ionic strength increases water diffuses from the 
microgel phase to the bulk water phase and also causes a reduction in viscosity. 
Fig. 80 shows the results of electrophoretic mobility measurements and the calculated 
^-potentials for Ml-4 as a function of pH with 0.1 mM KCl as the background 
electrolyte. The isoelectric point (lEP) in the case of Ml-4 is approximately at pH 2-
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2.5. As the pH is increased beyond the lEP the charge on the surface and throughout 
the micro gel particles becomes increasingly negative. This is due to increased 
deprotonation of the carboxylic acid groups on the surface of the microgel particles. 
Ml and M2 have nearly identical electrophoretic mobility curves as a function of pH. 
However the plateau of M3 is more negative than Ml and M2, but not as negative as 
M4. This can be explained by considering the composition of the micro gels. As the 
crosslinking density decreases the electrophoretic mobility increases. Duval et al. 
and Oshima et al. have investigated the electrophoretic properties of soft 
gels and gel particles. More recently Duval and Oshima jointly described the 
"Electrophoresis of diffuse soft particles" The mobility can be described as a 
balance between the electric field and the electro osmotic drag of the particle. They 
also state that as the hydrodynamic permeability of the surface layer of a particle 
increases the electro osmotic drag is increasingly shielded, hence the electrophoretic 
mobility of the particle increases. M4 has the lowest concentration of crosslinker 
present, therefore the polymer density at the edge of the excluded volume of the 
microgel is less. This results in a decrease in the electro osmotic drag of the particle 
and to an increase in the electrophoretic mobility as shown in Fig 80. 
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Fig. 80: Electrophoretic mobility and ^-potential of Ml-4 as a function of pH with 1 mM KCI 
background electrolyte 
Viscosity as a function of shear rate for the 1 wt-% MBA pMAA microgels M4 at 
various pH values can be seen in Fig. 81. Shear thinning is observed, caused by the 
particles orientating in the direction of shear and the deformation of the soft particles 
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(see Fig. 25). These factors cause the interactions between the particles to decrease 
and therefore resistance to flow is decreased. 
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Fig. 81: Viscosity as a function of shear rate for the 1 wt-% MBA crosslinked pMAA microgels at 
different pH values 
Oscillatory measurements of 1 wt-% MBA crosslinked pMAA microgels were carried 
out (Fig. 82-84) to determine the linear viscoelastic region (LVR) of the suspension at 
different pH values. At pH 2.7 a small LVR is visible and G' (1.92 Pa) dominates 
until a strain of 0.5 % or higher is applied. G" then dominates, indicating that the 
suspension behaves predominantly as a viscous liquid rather than an elastic solid. 
p H = 2 . 7 
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Fig. 82: Amplitude sweep for a suspension of 1 wt-% MBA crosslinked pMAA microgels M4 at 
pH 2.7 
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As the pH is increased above pH 4, the suspensions become increasingly elastic, this 
is demonstrated by G' being significantly larger than G". 
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Fig. 83: storage moduli values from an amplitude sweep for a suspension of 1 wt-% MBA 
crosslinked pMAA microgels, M4 as at different pH values 
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Fig. 84: Loss moduli values from an amplitude sweep for a suspension of 1 wt-% MBA 
crosslinked pMAA microgels M4 as at different pH values 
Fig. 85 shows that as the pH is increased up to pH 7, G' increases significantly from 
less than 2 Pa to 275 Pa. This indicates that a stronger more rigid structure is being 
formed which corresponds well with the increase in the average particle size. As the 
particle size increases the amount of free water in the suspension decreases and the 
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distance between microgel particles decreases and hence the interaction between the 
microgel particles intensifies. As the particles swell further the volume of dispersed 
phase increases until no free water is left and the deformed gel particles become close 
packed and a continuous gel-like structure is formed. As the pH is increased further, 
the ionic strength in the bulk aqueous phase increases causing a reduction in G' as 
water is withdrawn from the microgel particles. This occurs above pH 7, therefore 
correlating well with viscosity and particle size data. 
The limit of the LVR is the point at which the swollen structure of the microgel 
suspension begins to break down. The limit of the LVR (Fig. 85) follows the same 
pattern as that of the storage modulus (G'). Once the limit of the LVR is surpassed 
the suspensions no longer behave in a linear way and the microstructure may be 
permanently degraded or require substantial time to recover. The point at which a 
suspension begins to behave as viscous liquid rather than elastic solid is defined as the 
point when G" > G'. This also follows the same pattern as both G' and the limit of 
the LVR. 
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Fig. 85: G' and the limit of the LVR values for a suspension of 1 wt-% MBA crosslinked pMAA 
microgels (M4) at different pH values 
Frequency sweeps (Fig. 86-88) show that at pH 2.7 the suspension behaves as a solid 
at extremely low frequencies (< 0.3 s'^) and at frequencies above 5 s'^  it behaves as a 
liquid. 
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Fig. 88: Frequency sweep for a suspension of 1 wt-% MBA crosslinked pMAA microgels at 
different pH values at a strain rate of 5% 
In the case of the M4 suspensions at pH 4 or above as the pH is increased the gel 
point (G' = G") increases until a maximum is reached at pH 7. Upon further increases 
in pH the gel point decreases again. This is identical behaviour to that observed in the 
amplitude sweeps, which also corresponds well with the determined effective volume 
fractions (Fig. 79) and particle size data (Fig. 77). At low frequencies all of the 
suspensions are stable (G' > G") and the suspensions behave as elastic gels. At 
values above the gel point G" dominates and the suspensions show viscous character. 
The G" values are erratic above frequency values of 10 due to the gel structure 
breaking down and the suspension becoming predominantly viscous. 
6.2.2 Particle size, electrophoretic mobility and rheological 
characterisation of pDMEMA microgel dispersions 
Fig. 89 shows the relationship between the average particle size of pDMEMA 
microgel dispersions and pH. The mean average microgel particle diameter of gels 
M5 and M6 increases as the pH is decreased. M7 follows the same overall trend as 
M5 and M6 but an increase in particle size is visible above pH 9. As for the pMAA 
dispersions, these results can be explained by taking into account the Dorman 
equilibrium and the protonation of the tertiary amine in pDMEMA. The pKa of 
DMEMA monomers is approximately 8.4 at 25°C. As the pH is decreased protonation 
of the tertiary amine groups raises the osmotic pressure within the gel, until the ionic 
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strength of the system causes this to decrease, giving a maximum in size at 
approximately pH 3-5. The increase in particle size at pH 10 and above is possibly 
due to the hydrolysis of the ester group in pDMEMA under basic conditions resulting 
in the formation of carboxylate groups in the polymer. 
The hydrogel used to make M8 was a semi-solid and flowed out of its container under 
gravity because of the low degree of crosslinker being present. Therefore the microgel 
particles were similar to linear polymer rather than hydrogel pieces. Therefore 
dispersed particles were not detectable using laser diffraction. The mean particle size 
of M8 across the pH range could therefore not be determined. 
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Fig. 89; Average particle size as a function of pH for pDMEMA microgels with 4-15 wt-% MBA 
crosslinker concentration (MS - M7) 
The particle size distributions of M7 containing a crosslinker concentration of 4 wt-% 
MBA at various pH values is shown in Fig. 90. The particle size distribution shifts 
significantly higher at acidic pH values indicating that the particles are swollen. The 
maximum average particle size is observed at pH 5.7, upon decreasing the pH further 
a small decrease in the average particle size it witnessed due to increasing ionic 
strength. The particle size distributions at pH 8.8 and above remain monomodal but 
are slightly broader which indicates that the swollen particles are less uniform in size 
when collapsed than swollen. 
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Fig. 90: Particle size distribution of pDMEMA suspension M7 with 4 wt-% MBA crosslinker 
concentration as a function of pH. Each distribution is offset by 2% to allow easier 
interpretation. 
M5 is the most crosslinked pDMEMA hydrogel (15 wt-% MBA), as for the pMAA 
systems there is no significant difference in the viscosity at different pH values (Fig. 
91). M6 (10 wt-% MBA) shows a slight dependence of viscosity upon pH. The 
viscosity of M7 (4 wt-% MBA) varies significantly as a function of pH. M8 is the 
lowest crosslinked pDMEMA dispersion (1 wt-% MBA) and it's viscosity shows a 
strong pH dependence. This is because the microgel particles in M8 have less 
crosslinks present and can therefore swell and collapse to a greater extent than the 
more highly crosslinked particles. The viscosity data of pDMEMA dispersions shows 
good correlation to the particle size data (Fig. 89). Both the maximum viscosity and 
particle size of M7 occur between pH 3-6 and both minima occur at approximately 
pH 8. M5 and M6 demonstrate a small dependency of particle size and viscosity on 
pH, as the pH is decreased both particle size and viscosity increase. 
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Fig. 91: Viscosity as a function of pH at a shear rate of 100 s' for pDMEMA dispersions M5-8 
with decreasing crosslinker concentration (15-1 wt-% MBA) 
Fig. 92 shows the estimated effective volume fraction which was calculated from the 
average particle size data of dispersions M5-7. The effective volume fraction of M5 
and M6 is always less than 0.25. This is due to the microgels particles being highly 
crosslinked and therefore the amount of swelling is low. Therefore one would expect 
the viscosity to be relatively low with a slight increase with decreasing pH which was 
observed. This is due to the microgel particles not being in close contact with one 
another because the volume they occupy is less than 0.25 of the total volume of the 
suspension. The effective volume fraction of M7 (4 wt-% MBA) is at the maximum 
between pH 3 and 7 indicating that the maximum viscosity should be observed at 
these pH values. This is clearly the case (Fig. 92), however the measured viscosity 
decreases significantly above pH 6. The calculated effective volume fraction does not 
take into account the ionic strength of the concentrated suspension nor the interactions 
between the microgels as the particle size measurements were carried out using dilute 
suspensions. 
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When the surfaces of the particles are charged, the gel particles will repel each other 
and hence the viscosity will increase. Electrophoretic mobility measurements of the 
pDMEMA microgel particles were carried out and the ^-potentials calculated. In 
general the electrophoretic mobility curves have a positive plateau between pH 2-8. 
The lEP of the pDMEMA suspensions is 9.1 ± 0.4 and above this pH both the 
electrophoretic mobility and ^-potential are negative. This correlates well with both 
the particles size and viscosity measurements which both have a minimum between 
pH 9 - pH 10. The difference between the plateau values of M5-7 is due to the 
difference in polymer density at the surface of the excluded volume of the microgel 
particles. 
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Fig. 93: Electrophoretic mobility and ^-potential as a function of pH for pDMEMA dispersions 
with 4-15 wt-% MBA crosslinker concentration 
Viscosity as a function of shear rate for 1 wt-% MBA crosshnked pDMEMA 
microgels at various pH values can be seen in Fig. 94. Shear thinning behaviour is 
observed for suspensions at all pH values. Shear thinning is observed due to the 
particles orientating in the direction of shear and the deformation of the soft microgel 
particles in the direction of shear. This causes the friction and interactions between 
the particles to decrease and therefore the flow resistance is decreased. At pH 8 and 
above, shear thickening is observed at very high shear rates. This is due to Taylor 
vortices being formed due to the effective volume fraction of the microgels being very 
small. At this pH the particles are in the collapsed state, therefore the suspension 
behaves like water. The suspension is no longer in laminar flow regime and the 
viscosity increases as the flow becomes more turbulent. 
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Fig. 94: Viscosity as a function of shear rate for the 1 wt-% MBA crosslinked pDMEMA 
microgels at different pH values 
Amplitude sweeps of 1 wt-% MBA crosslinked pDMEMA microgels were carried out 
(Fig. 95) to determine the LVR of the suspension at different pH values. It can be 
clearly seen that at all pH values G" is larger than G' therefore no LVR is present and 
the results are almost identical at all pH values. If a force is applied to the 1 wt-% 
MBA suspension at any pH over long or short timescales the suspension will exhibit 
viscous behaviour. 
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different pH values 
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6.2.3 Particle size, electrophoretic mobility and rheological 
characterisation of p(MAA-co-DMEMA) microgel dispersions 
The copolymer (Fig. 96) microgels M9-12 exhibit pH dependent behaviour similar to 
pDMEMA microgels at low pH and pMAA at high pH. This results in a minimum 
particle size being observed between pH 7 and pH 8. 
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Fig. 96: Particle size as a function of pH for p(MAA-co-DMEMA) microgels with 1-15 wt-% 
MBA crosslinker concentration 
The particle size distribution of M i l which contains 4 wt-% MBA crosslinker 
concentration (Fig. 97) shows a significant shift to lower particle sizes at pH 7.1 and 
pH 8.1 which represents the minimum swelling. It is worth noting that the particle 
size distribution at pH 7.1 and 8.1 is much broader. This is possibly due to the 
collapsed particles very different in shape (i.e. different aspect ratio) than the swollen 
particles 
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Fig. 97: Particle size distribution of p(MAA-co-DMEMA) suspension M12 with 4 wt-% MBA 
crosslinker concentration. Each pH has been offset by 2% to allow easier interpretation 
As for the pMAA and the pDMEMA microgels the two lowest crosslinked samples 
possess a larger difference between the maximum and minimum viscosity at different 
pH values. The particle size data (Fig. 96) of the copolymer microgels correlates well 
with the viscosity data (Fig. 98). The minimum particle size is observed between pH 
7 and 8 as is the minimum viscosity. If the pH is increased or decreased from this pH 
an increase in viscosity is observed. 
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Fig. 98: Viscosity as a function of pH at a shear rate of 100 s" for p(MAA-co-DMEMA) 
dispersions M9-12 with 15-1 wt-% MBA crosslinker concentration 
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Fig. 99 shows the calculated effective volume fraction of p(MAA-co-DMEMA) 
dispersions M9-12 which are crosslinked with 1-15 wt-% MBA. The two most 
crosslinked systems M9 and MIO, have effective volume fractions of less than 0.2 at 
all pH values, indicating that the viscosity is low due to the microgels being too far 
apart to have significant interactions between one another. However a small increase 
in the effective volume fraction occurs between pH 10-12 and pH 2-4, therefore one 
would expect a slight increase in viscosity at these pH values. This was indeed 
observed and illustrated in Fig. 98. The 4 wt-% MBA crosslinked system 
demonstrates an increased dependency of effective volume fraction on pH and 
follows the same pattern as M9 and MIO with increasing or decreasing pH. 
The 1 wt-% MBA crosslinked sample demonstrates the largest dependency of 
effective volume fraction on pH. Again the minimum effective volume fraction 
occurs at approximately pH 8 with maximum values at pH 4 and 10. 
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Fig. 99: Calculated effective volume fractions of p(MAA-co-DMEMA) dispersions M9-12 as a 
function of pH 
At high pH values the microgel particles are negatively charged (Fig. 100) due to the 
deprotonation of the tertiary amine in the DMEMA repeating units and the carboxylic 
acid groups in the MA A repeating units. At low pH values the microgel particles are 
positively charged due to the protonation of the tertiary amine groups, however the 
carboxylic acid groups are still deprotonated. As more acid is added to reduce the pH 
both the carboxylic acid and tertiary amine groups become protonated. The point of 
zero charge on the microgel (Fig. 100) suspensions M9-12 is pH 7.75 ± 0.29. The 
127 
point of zero charge is determined by the concentration of each functional group and 
the relative acidity or basicity (pKa) of the functional groups. This point correlates 
well with both the particle size measurements and the rheological measurements. The 
three most crosslinked microgels demonstrate nearly identical electrophoretic 
mobility behaviour as a function of pH. However, the 1 wt-% MBA crosslinked 
microgel has a higher electrophoretic mobility at both high and low pH values. The 
difference between the plateaux values is due to the difference in polymer density at 
the surface of the excluded volume of the microgel particles. 
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Fig. 100: Electrophoretic mobility and ^-potential as a function of pH for p(MAA-co-DMEMA) 
M9-12 microgels with 1-15 wt-% MBA crosslinker concentration 
Viscosity as a function of shear rate for 1 wt-% MBA crosslinked p(MAA-co-
DMEMA) microgel particle suspensions at various pH values can be seen in Fig. 101. 
Again, shear thiiming behaviour is observed at all pH values. As for the pDMEMA 
suspensions, shear thickening behaviour is observed at high shear rates in suspensions 
in their collapsed state due to turbulent flow. 
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Fig. 101: Viscosity as a function of shear rate for the 1 wt-% MBA crosslinked p(MAA-co-
DMEMA) microgels at different pH values 
Amplitude sweeps of 1 wt-% MBA crosslinked p(MAA-co-DMEMA) microgel 
suspensions were carried out (Fig. 102-103) to determine the LVR of the suspension 
at different pH values. LVRs were not present at pH 7, 8 and 9 due to the microgels 
being in their collapsed state as shown by the particle size measurements (Fig. 96). 
G' has a maximum at pH 4-5, below which the ionic strength of the bulk water would 
be extremely high, hence a reduction in G' is observed which correlates to a reduction 
in the particle size. This is due to a reduction in the osmotic pressure of the bulk 
water. As the pH is increased from pH 4 a reduction in G' is observed as the particles 
begin to collapse. Once the pH is increased further, the swelling due to the MAA 
moieties in the polymer begin to dominate and G' increases to 70 Pa at pH 11. 
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Fig. 103: Amplitude sweep for a suspension of 1 wt-% MBA crosslinked p(MAA-co-DMEMA) 
microgels at different pH values in their collapsed state 
G' follows (Fig. 104) the same pattern as the particle size, effective volume fraction 
and viscosity which all exhibit a minimum at approximately pH 8. A slight decrease 
in G' is observed when the pH is decreased from 4 to 2 due to the significant increase 
in ionic strength of the bulk aqueous phase. The increase in ionic strength results in a 
reduction in surface charge of the microgels and a reduction in the particle size of the 
microgels. No limit for the LVR was detected above pH 6 and below pH 11. 
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However at all other pH values measured a LVR was present, the limit of the LVR 
follows the same pattern as G', effective volume fraction, particle size, and viscosity. 
A LVR 
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pH 
Fig. 104: G' and the limit of the LVR values for a suspension of 1 wt-% MBA crosslinked 
p(MAA-co-DMEMA) microgels M12 as a function of pH 
Once amplitude sweeps had been carried out to determine the LVR, a frequency 
sweep (Fig. 105) was carried out to determine how the suspensions would behave if a 
strain was applied over different timescales. At pH 7, 8 or 9 at all amplitudes the 
p(MAA-co-DMEMA) suspensions displayed predominantly viscous behaviour. This 
is due to the microgels being in their collapsed state resulting in a decrease in 
interparticle interactions hence the suspension displays viscous behaviour. Therefore 
frequency sweeps were carried out only at pH values at which the suspensions had a 
LVR. The frequency sweeps (Fig. 105) show that at frequencies less than 5 s"' the 
microgel suspensions exhibit elastic behaviour but as the frequency is increased to 50 
s"^  the suspensions show viscous behaviour. This is due to the microstructure of the 
suspension breaking down and the suspension not having enough time to relax and 
reform. 
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Fig. 106 compares the ratio between the maximum and minimum viscosity (r|max / 
Tlmin) for all three microgel systems (pMAA, pDMEMA, and the copolymer of both) 
as a function of the crosslinker concentration at a constant shear rate of 100 s"'. The 
system with the greatest difference between r|max and rimin is the pMAA with 1 wt-% 
MBA crosslinker concentration. r|max / tlmin for the higher crosslinked pMAA 
dispersion is close to 1 which means that the difference between them is very small. 
In the case of the pDMEMA dispersions again the 1 wt-% MBA crosslinker 
concentration has the largest rjmax / tlmin- However the ratio is much less than that of 
the pMAA system. Fig. 106 clearly shows that as the crosslinker concentration 
increases r|max / Tlmin decreases and therefore the ability of the gel to determine the 
rheology of the suspension decreases. 
The p(MAA-co-DMEMA) system displays the same behaviour as the pMAA system 
with respect to rimax / tlmin with increasing crosslinker concentration. The largest rimax / 
rimin for the copolymer system is much bigger than the pDMEMA system but 
significantly lower than the pMAA system. This shows that MAA repeating units 
have a larger influence on swelling than the DMEMA repeating units. This is despite 
the fact that in the p(MAA-co-DMEMA) system the DMEMA repeating units 
dominate the surface charges of the particles (Fig. 100). This could be due to MAA 
being much more hydrophilic than DMEMA, although there is no evidence to prove 
this. 
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DMEMA) dispersions 
6.3 Conclusions 
Hydrogels with varying composition containing acidic, basic or both repeating units 
and varying crosslinker concentration were synthesised. The resulting gel blocks 
were dispersed via a mechanical cutting technique which yielded microgel dispersions 
that were characterised by light scattering, rheological and ^-potential measurements. 
The pMAA systems with low crosslinker concentration display significant pH 
dependant viscosities with the viscosity being at a maximum between pH 6 and pH 
10. At higher pH values the viscosity decreases due to an increase in ionic strength 
and therefore a decrease in particle size of the dispersions due to a reduction in the 
osmotic pressure from the bulk water to the microgel. For the highly crosslinked 
systems there is very little difference in the viscosity at different pH values due to the 
restricted swelling caused by the high concentration of crosslinks. The pDMEMA 
systems with low crosslinking densities display pH dependant viscosities with the 
viscosity being at a maximum between pH 7 and pH 3. However below pH 2 the 
viscosity decreases due to an increase in ionic strength and therefore a decrease in 
particle size of the micro gels. For the highly crosslinked systems there is very little 
difference in the viscosity at different pH values which is also due to the high 
concentration of crosslinks restricting swelling. 
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The p(MAA-co-DMEMA) microgels with low crosslinker concentration behaves as a 
combination of the pMAA and pDMEMA systems with the viscosity being at a 
maximum at high and low pH values. A minimum in viscosity is observed at the 
point of zero charge which is between pH 7.5 and pH 8.5. However at very high and 
very low pH values the viscosity decreases due to an increase in ionic strength and 
therefore a decrease in particle size of the microgels. Again for the highly crosslinked 
systems there is very little difference in the viscosity at different pH values. The 
change in viscosity for the pMAA system is much greater than in the pDMEMA 
system. This is due to pMAA having a larger effect on the viscosity than pDMEMA. 
Calculated effective volume fractions from the particle size data correspond well with 
the rheological data. 
All three polymer systems demonstrated shear thinning behaviour, indicating a 
breakdown of any structure of the suspension and the deformation and orientation of 
soft particles. The G' values of the pMAA were the greatest because the pMAA 
microgels swelling more than the other two systems. No LVR was observed for the 
pDMEMA system which is primarily due to the fact that these gels swell the least, 
and therefore the microgels are too far apart to experience significant interactions due 
to the volume of the microgel phase being too low. This is due to hydrophilicity of 
pDMEMA being less than pMAA. The p(MAA-co-DMEMA) suspensions had 
slightly lower G' values than in the pMAA and no LVR was observed between pH 7 
and 9 when the microgels were in their collapsed state. 
Overall it has been demonstrated that in general the lower the crosslinker 
concentration, the greater the volume change of the dispersed phase and therefore the 
effect of pH on the rheological properties is more dramatic. However if the 
crosslinker concentration is very low mostly linear polymer may be formed and 
therefore the rheological properties are less affected. The electrophoretic mobility of 
the microgels has been measured and the ^-potentials calculated. Unlike in emulsion 
polymerisation the actual concentration of microgels is known therefore it was 
possible to calculate the effective volume fraction of microgels in the dispersions. 
The particle size measurements and initial volume have been used to calculate the 
effective volume of the dispersions and these values have been correlated to various 
rheological values. 
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7: Effect of an increasing ionic group 
concentration in microgels on the 
rheological properties of microgel 
suspensions 
7.1 Introduction 
When intending to synthesise temperature and pH-sensitive microgels it is important 
to achieve a balance between the temperature sensitive and the pH sensitive repeating 
units. It was therefore decided to prepare a series of microgels to determine how the 
concentration of ionic groups affects the pH sensitivity of the microgels. A series of 
acrylamide (AAM) (non-ionic) microgels with varying amounts of acrylic acid (ionic) 
monomers incorporated into it were synthesised. AAM and AA are relatively 
inexpensive monomers and are two of the most frequently used monomers in the oil 
industry ^ This enabled the determination of the concentration of ionic repeating 
units needed in a microgel for the microgel to be significantly pH sensitive. It also 
allowed the determination of the concentration of ionic groups that would yield 
microgels with maximum pH sensitivity. The amount of AAM and AA in a microgel 
system is given as the weight percentage which is approximately equal to the mol 
percentage as 1 mole of AAM and AA are only Ig different in mass. The amount of 
crosslinker was varied to determine the effect of the crosslinker concentration of the 
rheological properties of the suspensions. The synthesis of the microgels has been 
described in Chapter 3. 
7.2 Results and discussion 
The refractive indices of the microgel particles were very similar to that of water 
which prevented the particle size analysis using light scattering. This is due to the 
microgel particles not scattering light significantly enough to be detected. Therefore 
the suspensions were characterised only by rheological measurements. The 
viscosities at a fixed shear rate of 100 s"' were compared as it was not always possible 
to extrapolate back to the zero-shear viscosity. 
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7.2.1 Characterisation of pure pAAM microgels (IGl-4) 
The pure AAM microgels (AAMmo) have no ionic repeating units and demonstrated 
an insignificant pH dependency at any crosslinker concentration (Fig. 107). The 
difference between the maximum and minimum viscosities is extremely small but 
there is a small increase in viscosity with increasing pH. This is due to small amounts 
of AA which could not be removed during purification. 
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Fig. 107: Viscosity as a function of pH at a shear rate of 100s"' for pure AAM microgels at 
different crosslinking densities 
This is also the case at all shear rates and can be observed in Fig. 108. The apparent 
shear thickening at high shear rates (shear rate >100 s"^ ) is due to the turbulent flow 
of water. At lower shear rates no significant variation of viscosity is observed at any 
pH. 
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7.2.2 Characterisation of p(AAM95-co-AAs) microgels (IG5-8) 
In the case of the pAAM microgels containing 5 wt-% AA there is a significant 
dependency of viscosity on pH. It is clearly shown (Fig. 109) that at all crosslinker 
concentrations as pH is increased the viscosity increases. The microgels with 2 wt-% 
MBA display the most significant changes in viscosity, followed by the 0.2 wt-% 
MBA then the 10 wt-% MBA and the 20 wt-% MBA. The balance between the 
swelling of particles caused by osmotic pressure and the restriction of swelling due to 
crosslinks has been discussed throughout the previous chapters. The reason the 0.2 
wt-% MBA crosslinked microgels do not show the largest change in viscosity is due 
to the lack of sufficient crosslinks present to hold the gel together. The viscosity of a 
suspension is dependent on the elasticity of the particles, therefore if they are not 
crosslinked enough the particles are easily deformed or even broken up. 
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Fig. 109: Viscosity as a function of pH at a shear rate of 100s" for p(AAM,s-co-AA;) microgels at 
different crosslinking densities 
As for the pure p(AAM) microgels at very high shear rate turbulent flow occurs which 
causes the apparent shear thickening behaviour (Fig. 110). At lower shear rates the 
viscosity remains constant with increasing shear, indicating Newtonian behaviour. 
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Fig. 110: Viscosity of 10 wt-% MBA crosslinked p(AAM95-co-AAs) microgels as a function of 
shear rate at various pH values 
7.2.3 Characterisation of p(AAM75-co-AA25) microgels (IG9-12) 
The pAAM microgels containing 25 wt-% AA displayed an even more significant 
change in viscosity as a function of pH (Fig. 111). This is due to an increase in the 
carboxylic acid group concentration in the microgels. The microgels crosslinked by 
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10 wt-% MBA display the greatest difference between the maximum and minimum 
viscosities closely followed by the 2 wt-% MBA crosslinked microgels. In the 
pMAA, pDMEMA and p(MAA-co-DMEMA) the maximum was observed at much 
lower crosslinking densities (1 wt-% MBA). The difference could be due to less ionic 
groups being present in the pAAM microgels and therefore a reduction in ionic and 
hydrogen bonding within the gel particles. This would lead to the microgel structure 
being less rigid and therefore more deformable under shear. 
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Fig. I l l : Viscosity as a function of pH at a shear rate of lOOs'^ for p(AAM75-co-AA2s) microgels at 
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The p(AAM75-co-AA25) microgels exhibit shear thirming behaviour at pH 9.6 and 
above (Fig. 112). The shear thinning is due to two factors; first is the break down of 
the microstructure of the colloidal dispersion, the second is due to the deformation of 
the microgel particles under shear. This leads to a decrease in the friction between the 
particles by deforming and aligning them in the direction of the shear. 
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7.2.4 Characterisation of p(AAM5o-co-AA5o) microgels (IG13-16) 
The rheology of the microgels synthesised from a 1:1 ratio of AAM to AA are also 
very pH dependent. As for the p(AAM75-co-AA25) microgels the microgels with 10 
wt-% MBA have the highest viscosity. All crosslinking densities demonstrate pH 
dependent rheology. However the maximum viscosity is lower than in the p(AAM75-
C0-AA25) system. This is possibly due to hydrogen bonding between AAM and AA 
repeating units which has been described for linear p(AAM-co-AA) systems Such 
bonding increases the stiffness of the polymer chain and could reduce the ability of 
the polymer network to swell. 
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The p ( AAM 7 5 - co - AA 2 5 ) microgels exhibit shear thinning behaviour at pH values of 
5.2 and above as the micro structure of the microgel suspension is broken down and 
microgel particles are deformed and orientated in the plane of shear. At pH 4.4 the 
P (AAM75-co -AA25) microgel suspension behaves almost Newtonian. At lower pH 
values shear thickening is observed at high shear rates (shear rate >100 s'^) due to 
non-laminar flow. 
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Fig. 114: Viscosity of 10 wt-% MBA crosslinked p(AAMso-co-AAs(,) microgels as a function of 
shear rate at various pH values 
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7.2.5 Characterisation of p(AAM25-co-AA75) microgels (1G17-20) 
As in the previous p(AAM-co-AA) systems the microgels with 10 wt-% MBA show 
the largest effect of pH on viscosity (Fig. 115). A significant decrease in viscosity 
occurs at very high pH values. This is due to the ionic strength of the bulk aqueous 
phase increasing, resulting in water flowing out of the microgels and into to the bulk 
water to equilibrate the ionic balance of the suspension. 
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Fig. 115: Viscosity as a function of pH at a shear rate of 100s"' for p(AAM25-co-AA75) microgels 
with different crosslinking densities 
The p(AAM25-co-AA75) microgels exhibit shear thirming behaviour at pH 3.8 or 
above (Fig. 116) and shear thickening is observed at high shear rates in suspensions 
with microgels in the collapsed state 
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7.2.6 Characterisation of p(AAM5-co-AA95) microgels (IG21-24) 
For the microgels containing 95 wt-% AA the maximum viscosity is considerably 
smaller than the p(AAM25-co-AA75). Again the microgels crosslinked with 10 wt-% 
MBA have the largest difference between the maximum and minimum viscosities, 
indicating that they swell the most. The maximum observed viscosity is similar to that 
of the microgels containing 5 wt-% AA. 
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Fig. 117: Viscosity as a function of pH at a shear rate of 100 s"' for p(AAMs-co-AAgs) microgels 
with different crosslinking densities 
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The p(AAM5-co-AA95) microgels demonstrate shear thinning behaviour at pH 4.3 and 
above as the suspension's microstructure is broken down and the microgels deform 
and orientate in the plane of shear. (Fig. 118). 
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Fig. 118: Viscosity of 10 wt-% MBA p(AAMs-co-AA,s) microgels as a function of shear rate at 
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7.2.7 Characterisation of pure pAA microgels ( IG25-28) 
The pure pAA micro gel suspension shows an increase in the maximum viscosity 
when compared to that of the p(AAM5-co-AA95) microgel suspension. However the 
maximum viscosity is not as high as that of the microgels containing p(AAM75-co-
AA25). Again the 10 wt-% MBA microgels have the highest maximum viscosity. 
Shear thinning behaviour is observed at pH 4.1 and above. 
144 
0.50 
0.45 
0.40 
0.35 
0.30 
"w 0.25 
(0 
0,20 
F 
0.15 
0.10 
0.05 
0.00 
-0.05 
[Crosslinker] 
• - 2 0 wt-% (IG25) 
• - 1 0 wt-% (IG26) 
* • - 2 wt-% (IG27) 
T - 0.2 wt-% (IG28) 
10 
pH 
12 
Fig. 119: Viscosity as a function of pH at a shear rate of 100 s"' for pure pAA microgeis with 
different crosslinker concentrations 
(0 (0 
a. 
I 
0.01 -
1E-3 
10 100 
Shear rate (s^) 
1000 
Fig. 120: Viscosity of 10 wt-% MBA pure pAA microgeis as a function of shear rate at various 
pH values 
7.3 Conclusions 
Microgel suspensions of p(AAM-co-AA) with 10 wt-% crosslinker displayed the 
largest difference between the maximum and minimum viscosities. This dependency 
of viscosity on the concentration of crosslinker is due to balancing the amount the 
microgel particles can swell which increases with decreasing crosslinker 
concentration and the rigidity of the microgeis which decreases with decreasing 
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crosslinker concentration. The lower the crosslinker concentration the more the 
microgel particles can swell but the less rigid they become due to fewer crosslinks per 
unit volume. The viscosity of a microgel suspension depends on both the volume 
fraction of the microgels in the suspensions and the elasticity of the microgels. 
Fig. 122 compares the viscosities as a function of pH of the p(AAM-co-AA) 
microgels with 10 wt-% MBA. The p(AAM75-co-AA25) exhibits the largest viscosity 
when compared to all the other compositions. The pAA, p(AAM5o-co-AA5o) and 
P(AAM25-co-AA75) microgels have similar viscosities and are approximately double 
that of the p(AAMg-co-AA95). The pCAAMgj-co-AAs) and pAAM have very small 
viscosities when compared to the other 5 systems. This is due to the number of 
ionisable groups being too few hence very little swelling of microgel particles occurs. 
A simple linear relationship between the amount of AA incorporated into AAM 
microgels and the viscosity was not found. This demonstrates that an optimum 
concentration of AA repeating units in a non-ionic polymer hydro gel results in 
maximum swelling. It also shows that if there are too many ionic groups present the 
microgels will not swell to their maximum. However there is no clear explanation to 
why this is the case. In linear copolymers of AAM and A A it has been shown 
that the proportion of AA groups present in a polymer chain determines the 
viscosity of the polymer solution. It is worth noting that the maximum observed 
viscosity of linear p(AAM-co-AA) is not at 100 mol-% AA as one might expect. It is 
between 40 mol-% and 65 mol-% 125, 154, 155 , depending on the background electrolyte 
concentrations. Such results are not attributed only to Coulomb forces. Hydrogen 
bonding between AAM and AA groups reportedly leads to a more rigid chain 
structure and hinders coil expansion (Fig. 121). 
Fig. 121; Triose units stabilising AAM and AA copolymer, adapted from 125 
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It is also worth noting that shear thinning behaviour is observed in sufficiently 
swollen microgels at approximately pH 4 and above. This corresponds well with the 
pKa of the AA repeating units. 
When synthesising microgels, they should have between 5 mol-% and 50 mol-% ionic 
groups in them to yield the most pH sensitive dispersions. This is particularly useful 
when synthesising microgels which are responsive to both pH and temperature. Too 
many ionic groups would reduce the temperature sensitivity of such microgels as the 
amount of repeating units with a VPTT decreases. Therefore a concentration of AA 
repeating units in the region of 10 mol-% would be much better suited to synthesise 
temperature and pH sensitive microgels. 
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Fig. 122: Comparison of the effect of pH on the viscosity of microgels with varying amounts of 
acid groups containing 10 wt-% MBA. 
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8: Temperature and pH sensitive 
pNIPAM based microgels 
8.1 Introduction 
A series of pH and temperature sensitive microgels based on a pNIPAM backbone 
were prepared via the mechanical cutting technique described in chapter 3. The 
results of the effect of ionic group concentration on viscosity from chapter 7 were 
taken into account. In order to prepare both pH and temperature sensitive microgels, 
10 wt-% ionic groups were incorporated. The microgels were synthesised from 
pNIPAM based hydrogels with 10 wt-% MAA or 10 wt-% DMEMA or both (10 wt-
% MBA total with a 1:1 molar ratio). This yielded monomodal and bimodal microgel 
suspensions of all three monomer compositions. The effect of temperature and pH on 
the suspensions was investigated using light scattering and rheological measurements. 
The crosslinker concentration was also varied to determine the effect it has on the 
suspension properties. 
8.2 Results 
8.2.1 Characterisation of pure pNIPAM microgels 
The swelling behaviour as a function of pH of pure pNIPAM microgels was 
investigated (Fig. 123). No pH dependent swelling behaviour was observed. The 
main interest in pNIPAM is its temperature sensitivity rather than its pH sensitivity. 
pNIPAM undergoes a VPTT at 32°C. Therefore any variation in particle size as a 
function of pH at constant temperature of pNIPAM microgels with ionic groups 
incorporated is due to incorporated ionic groups and not pNIPAM. The difference in 
the initial particle size is due to the crosslinking density of the microgel particles. The 
hydrogels used to make the microgels underwent the same duration and speed of 
cutting. Therefore the higher the crosslinker concentration the smaller the initial 
particle size. This was discussed in more detail in Chapter 5. This is true for all 
microgels in this Chapter. 
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Fig. 123: Particle size as a function of pH for pNIPAM microgels NM13-16 with 1-15 wt-% MBA 
crosslinker concentration 
The ^-potential of NM13-16 microgels derived from electrophoretic mobility 
measurements as a function of pH is shovm in Fig. 124. The charges on the surface of 
the micro gel particles were all relatively small. However an lEP of 3.7 ± 0.4 was 
found, which is due to the presence of AA impurities. Throughout the rest of the pH 
range the charge on the microgels is relatively small with errors of the same order of 
magnitude which indicates that the charge density of the particles is rather small. 
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Fig. 124: Electrophoretic mobility and ^-potential of pure pNIPAM microgels 13-16 with 15-1 wt-
% MBA crosslinker concentration 
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Once the effect of pH on the particle size had been established, the,effect of 
temperature on the viscosity of the suspension was investigated at pH values when the 
microgels are in a swollen and collapsed state. As the temperature is increased from 
25°C to the VPTT of pNIPAM and slightly higher to 35°C, the viscosity of the 
microgel suspension decreases substantially. Above 35°C the viscosity of the 
microgels continues to decrease except in the systems which are at pH 2 which form a 
single aggregate larger than the gap between the concentric cylinders, hence the 
viscosity is observed to increase. 
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Fig. 125: Viscosity as a function of temperature at a shear rate of 100 s"' for pure pNIPAM 
microgels NM13-16 with 1-15 wt-% MBA crosslinker concentration 
8.2.2 Characterisation of p(NIPAM-co-MAA) microgels 
The effect of pH on the particle size of all four p(NIPAM-co-MAA) microgel 
suspensions with varying crosslinking densities was investigated and the results are 
shown in Fig. 126. The particle size increases as the pH is increased until a maximum 
size is reached at approximately pH 9-10. These results can be explained by taking 
into account the deprotonation of the carboxylic acid groups from the MAA repeating 
units and the Donnan equilibrium ^ between the microgels and the bulk aqueous 
phase. As the pH increases above the pKa of the MAA repeating unit (pH = 4.35) the 
increased ionisation of the carboxylic acid groups leads to an increase in osmotic 
pressure within the gel. This is countered by water diffusing into the gel to reduce the 
ionic strength within the gel which is caused by the counter ions of the ionised 
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carboxylic acid groups. However if the ionic strength of the suspension is too high, 
the swelling decreases giving a maximum in particle size between pH 9 and pH 10. 
This is due to water diffusing out of the micro gel phase and into the bulk aqueous 
phase to reduce the ionic strength in the aqueous phase. The amount of swelling of 
the microgels is dependent on the degree of crosslinking and has been discussed 
throughout chapter 5, 6 and 7. As expected the higher the crosslinker concentration 
the lower the degree of swelling because the crosslinks restricting swelling. Similar 
results were observed in the p(AAM-co-AA) microgels and are described in chapter 
7. 
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Fig. 126: Particle size as a function of pH for p(NIPAM-co-MAA) microgels with 1-15 wt-% 
MBA crosslinker concentration 
Fig. 127 compares the viscosity of the p(NIPAM-co-MAA) dispersions at a shear rate 
of 100 s"' across the pH range. As the charge in and on the gel particles increases, the 
swelling and therefore the volume of the dispersed phase increases causing the 
viscosity to increase considerably. The increase in particle size as a function of pH 
correlates well with the change in viscosity as a function of pH. The viscosity of a 
suspension is highly dependent on the volume fraction of the dispersed phase as well 
as other factors such as the elasticity and surface charge of the dispersed phase. 
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Fig. 127: Viscosity as a function of pH at a shear rate of 100 s ' for p(NIPAM-co-MAA) microgels 
with 15-1 wt-% MBA crosslinker concentration 
^-potentials of pH obtained from electrophoretic mobility measurements (Fig. 128) 
show that the isoelectric point of dispersions MNl-4 is approximately at pH 3.5 ± 
0.25. This is the point at which the microgel particles do not possess any charge and 
therefore below this pH a minimum in the swelling is observed. This correlates well 
with both the particle size and viscosity measurements. At all pH values above the 
isoelectric point the microgels carry a net charge and hence swell due to the water 
diffusing into the microgel particles. Below the isoelectric point the carboxylic acid 
groups in the microgels are not deprotonated and therefore the microgels do not swell 
to the same extent. 
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Fig. 128: ^-potential of p(NIPAM-co-MAA) microgels with 15-1 wt-% MBA crosslinker 
concentration as a function of pH 
The effect of temperature on the viscosity of p(NIPAM-co-AA) microgels was 
investigated (Fig. 129). When the gel particles were ionised and therefore in a 
swollen state, the viscosity at a given shear rate decreases with increasing 
temperature. The same is true for the microgels when they are in a collapsed state 
until the temperature is increased significantly above the VPTT of pNIPAM. At 
temperatures exceeding 40°C the collapsed microgels precipitate from the suspension 
because they become insoluble in water and a single aggregate is formed., A white 
solid precipitate becomes visible and increases the viscosity of the sample in the 
rheometer. It is worth noting that the sample is no longer a stable suspension and the 
increase in viscosity is observed due to the precipitate being larger than the gap 
between the concentric cylinders in the rheometer. 
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Fig. 129: Viscosity as a function of temperature at a shear rate of 100 s'Vor p(NIPAM-co-MAA) 
microgels with 15-1 wt-% MBA crosslinker concentration 
8.2.3 Characterisation of p(NIPAM-co-DEMEMA) microgels 
Fig. 130 shows the relationship between the average particle size of p(NIPAM-co-
DMEMA) microgel suspensions and pH. The mean average particle diameter of all 
microgel suspensions increases as the pH is decreased. These results can be explained 
by taking into account the Donnan equilibrium and the protonation of the tertiary 
amine in pDMEMA moieties of the polymer. The pKa of DMEMA monomers is 
approximately 8.4 at 25°C, and as the pH is decreased protonation of the tertiary 
amine groups raises the osmotic pressure within the gel. This causes water from the 
bulk aqueous phase to flow into the microgel phase to equilibrate the ionic strength 
gradient. Eventually as more acid or base is added to the bulk aqueous phase the ionic 
strength of the bulk aqueous phase will be greater than that of the microgel phase and 
the water will diffuse into the bulk aqueous phase. This gives a maximum in particle 
size at approximately pH 3-4. The increase in particle size around pH 8 and above is 
due to the slow hydrolysis of the DMEMA ester group under basic conditions 
resulting in the formation of carboxylic acid groups in the polymer. 
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Fig. 130: Particle size as a function of pH for p(NIPAM-co-DMEMA) microgels with 1-15 wt-% 
MBA crosslinker concentration as a function of pH 
Between pH 2 and 8 the surface charge of the p(NIPAM-co-DMEMA) microgels is 
positive and above the lEP which is between pH 8 and 10 the microgels are 
negatively charged. The ^-potential values were calculated from electfophoretic 
mobility measurements. This correlates well with the particles size measurements 
which have a minimum at pH 8 - pH 10. The difference between the plateaux values 
is due to the difference in polymer density at the surface of the excluded volume of 
the microgel particles. 
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wt-% MBA crosslinker concentration 
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The effect of temperature on the viscosity of the p(NIPAM-co-DMEMA) microgels in 
both the swollen and collapsed states was investigated (Fig. 132). Again it was found 
that as the temperature is increased the viscosity decreases. However precipitation 
occurs in the highly crosslinked microgels (15 wt-% MBA) when they are in the 
collapsed state, causing the viscosity to increase above 35°C. 
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Fig. 132: Viscosity as a function of temperature at a shear rate of 100 s" for p(NIPAM-co-
DMEMA) microgels with 15-1 wt-% MBA crossiinker concentration 
8.2.4 Characterisation of p(NIPAM-co-MAA-co-DMEMA) microgels 
The effect of pH on the particle size of p(NIPAM-co-MAA-co-DMEMA) microgel 
suspensions was investigated (Fig. 133). pH was seen to have little effect on the 
particle sizes. However the two microgel suspensions with the lowest crossiinker 
concentration show a slight increase in particle size between pH 5.5 and 11 and a 
minimum at approximately pH 5.5. However the difference in average particle size as 
a function of pH is insignificant when compared to the p(NIPAM-co-MAA) and 
p(NIPAM-co-DMEMA) systems with similar crosslinking densities. This could be 
due to the ionic repeating units concentration being too low to have a significant 
effect on the osmotic pressure at any particular pH within the microgels and.hence the 
particle size. The lack of swelling is most likely due to the Coulomb interactions 
between the oppositely charged functional groups in the microgels. Such Coulomb 
forces would reduce the swelling due to the attractive interactions between oppositely 
charged functional groups within a microgel particle acting as weak crosslinks. 
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Fig. 133; Particle size as a function of pH for p(NIPAM-co-MAA-co-DMEMA) microgels with 
15-1 wt-% MBA crosslinker concentration 
The electrophoretic mobility was measured to determine the ^-potential and the point 
of zero charge on the microgels (Fig. 134). The point of zero charge was determined 
to be between pH 4.5 and pH 6 which corresponds well to the swelling behaviour of 
the two lesser crosslinked microgel suspensions. Fig. 134 shows as expected for 
microgel particles of such a composition, a sigmoidal shape exhibiting no plateau 
areas in either the acidic and alkaline range. The ^-potentials on the microgels above 
and below the point of zero charge is due to the dominating effect of protonated 
amine groups at low pH values and deprotonated carboxylic acid groups at high pH 
values. 
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Fig. 134: Electrophoretic mobility and ^-potential as a function of pH of p(NIPAM-co-MAA-co-
DMEMA) microgeis with 1-15 wt-% MBA crosslinker concentration 
The effect of temperature on the viscosity of the p(NIPAM-co-MAA-co-DMEMA) 
microgel suspensions was investigated (Fig. 135). The viscosity of all four p(NIPAM-
co-MAA-co-DMEMA) suspensions was observed to decrease as the temperature was 
increased above the VPTT of pNIPAM. The 1 wt-% MBA swollen microgeis 
displayed the most significant decrease in viscosity because of the largest change in 
the microgel particle volume. 
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Fig. 135: Viscosity as a function of temperature at a shear rate of 100 s"' for p(NIPAM-co-MAA-
co-DMEMA) microgeis with 1-15 wt-% MBA crosslinker concentration 
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8.3 Discussion 
The particle size measurements of the pNIPAM based microgels show that with the 
exception of pure pNIPAM, only the two lowest crosslinked microgels (1 wt-% and 4 
wt-% MBA) of each composition demonstrate pH dependent swelling. 
As the temperature of the pNIPAM based microgels is increased from 25°C to 35°C a 
significant reduction in the viscosity of the suspensions is observed. This is'primarily 
due to the collapse of the microgel particles resulting in a decrease in the volume of 
the dispersed phase, but also due to the viscosity of water decreasing as the 
temperature is increased (Fig 136). As the temperature of the suspension is increased 
the water molecules have increasing energy and more molecules are therefore able to 
escape the potential wells of their neighbours therefore causing the water to become 
more fluid. 
ra 1.4 
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Fig. 136: Viscosity of water as a function of temperature, data from 125 
The viscosity of a suspension is dependent on the viscosity of the continuous phase, 
the viscosity of the dispersed phase and the volume fraction of the dispersed phase. 
At temperatures below the VPTT of pNIPAM hydrogen bonding exists between the 
amide group in the NIP AM repeating units and water. At these temperatures (T < 
VPTT) water can therefore be classed as a good solvent for the microgels. However 
as the temperature is increased the hydrogen bonding potential between pNIPAM and 
water is increasingly disrupted and water becomes less of a good solvent. Eventually 
at approximately 32°C water becomes a poor solvent for pNIPAM and the microgels 
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collapse. Above this temperature polymer-polymer hydrophobic interactions and 
intra- and inter-particle hydrogen bonding dominate. The collapse of the microgels 
causes a significant reduction in the volume of the dispersed phase and therefore a 
reduction in the viscosity of the suspension. When microgels are in a collapsed state 
due to the change in pH, if the temperature was raised above 32°C, they aggregated. 
This is due to the inter-particle attraction dominating over the inter-particle repulsion 
of the microgel particles which are now hydrophobic. The resulting white precipitate 
formed adhered to the rheometer and was larger than the gap between the concentric 
cylinders, therefore a significant increase in viscosity was observed. 
Electrophoretic mobility measurements were carried out to determine the isoelectric 
points or point of zero charge for each of the suspensions. The suspensions 
containing MAA had an isoelectric point at approximately pH 3.5 which is similar to 
the pKa of MAA repeating units which is pH 4.35. The isoelectric point of the 
suspensions containing DMEMA repeating units was between pH 8-10 which is also 
similar to the pKa of DMEMA monomers which is pH 8.4. The suspensions with 
both MAA and DMEMA repeating units had a point of no charge at pH 4.5-6 which 
is between that of the individual repeating units. This is what would be expected of a 
gel containing approximately a 1:1 ratio of MAA to DMEMA repeating units. 
8.4 Conclusions 
pNIPAM hydrogels containing 10 wt-% acidic, basic or both repeating units with 
varying crosslinker concentration were synthesised. The macroscopic gel blocks were 
dispersed via the mechanical cutting technique. The resulting hydrogel dispersions 
were characterised by light scattering, rheological and electrophoretic mobility 
measurements. 
The microgel suspensions with low crosslinker concentration (1 wt-% and 4 wt-% 
MBA) demonstrated the most significant pH dependent behaviour. All microgel 
suspensions demonstrated a reduction in viscosity with increasing temperature due to 
pNIPAM becoming increasingly insoluble in water with increasing temperature. 
Above the VPTT of pNIPAM, a continued reduction of viscosity was observed in the 
suspensions that were in a pH swollen state and aggregation was observed in the 
suspensions that were in a pH collapsed state. The isoelectric point or point of zero 
charge of all ionic microgel suspensions was determined. 
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9: Filtration behaviour of microgel 
suspensions through model reservoir 
systems to determine their fluid loss 
control capabilities 
9.1 Introduction 
It is important to investigate the ability of microgels to control fluid loss from a 
reservoir system, hence determining if they are suitable for hydraulic fracturing. 
Therefore the ability of polyelectrolyte and polyampholyte microgels synthesised in 
previous Chapters to control fluid loss through model porous media was investigated. 
A model reservoir system consisting of a packed bed of glass beads in a steel cylinder 
(2.54 cm/1") was used to determine the ability of the microgels to control fluid loss. 
The filtration behaviour of the surfactant free pMAA, pDMEMA and p(MAA-co-
DMEMA) microgels crosslinked with varying amounts of MBA and characterised in 
chapter six was investigated. The microgel suspensions described in Chapter 6 (2 
mL) were added to deionised water (98 mL) and treated with NaOH or HCl (O.IM & 
IM) to yield suspensions with different pH values. The resulting microgel 
suspensions were filtered through a bed of glass beads (10 g) with varying surface 
characteristics. The packed bed of glass beads was formed by filtering deionised 
water (100 mL) through the glass beads (10 g). Three types of glass beads with 
different surface properties were used. A detailed description of the experimental 
procedure can be found in chapter 3. The glass beads that made up the filter bed were 
also characterised. 
9.2 Factors affecting filtration 
Several factors that control the filtrate fiow through the glass bead filter bed have to 
be considered (Fig. 137). The first and possibly the most important is the thickness of 
the polymer filter cake that is formed on top of the glass bead filter bed when the 
microgel particles sediment under pressure. The effective thickness of the layer is 
determined by the total volume of the microgels in the suspension. If the 
concentration of microgels is insufficient, a filter cake can not form over the entire 
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porous media and water will be able to flow through the bed. Another important 
factor is the size of the microgel particles with respect to the pores formed by the 
glass beads. If the microgel particles are too small they may be able to flow through 
the filter bed and no filter cake will form. Furthermore the mechanical properties of 
the microgel particles must be considered. As the microgel particles form a filter 
cake, they will experience load by the column of water above. If the microgels are 
too deformable the water pressure may be able to squeeze them through the pores. 
This would result in inefficient water loss control through the filter bed. 
The adhesion between the glass bead and the microgels is another important factor. 
The more the microgels adhere to the gl^s bead the less likely or more slowly they 
will flow through the filter bed. The adhesion depends on the interaction between the 
glass beads and the microgels, which varies depending on the functional groups at the 
surface of microgels and the corresponding surface charges of the microgel particles 
and the surface charges and wettability of the model reservoir. 
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Fig. 137: Schematic higbligbting the factors affecting the filtrate flow through a glass bead bed 
plumed with microtis 
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9.2.1 Adhesion behaviour between microgels/hydrogels and glass 
To determine how effective the microgels are at preventing water loss it is important 
to determine if and how strongly microgels adhere to the surface of the rock, or in the 
case of the model fluid loss experiments, glass. Glass and mica have been used as a 
model surface that can be modified. The adhesion of a single or multiple microgel 
particles to a given surface is extremely difficult to determine. This is because it is 
difficult to measure the contact area between a microgel particle and a given surface. 
This is made even more difficult because the synthesised microgels do not have a 
uniform shape. However, the adhesion between blocks of hydrogels and flat model 
surfaces is much easier, and can be measured using a tensiometer as described in 
Chapter 3. Adhesion studies were therefore carried out on macrogels to determine the 
effect of crosslinker concentration on the adhesion of hydrogels to both glass and 
mica. The adhesion measurements were carried out on unswollen hydrogels due to 
difficulties in obtaining flat surfaces when cutting swollen hydrogels. 
The adhesion studies show that as the crosslinker concentration of the hydro gel 
increases the adhesion to glass or mica decreases (Fig. 138-140). This is true for all 
hydrogels tested except the 1 wt-% MBA crosshnked pDMEMA which is not a rigid 
solid and flows under gravity. Therefore it is not capable of retaining its original 
shape during adhesion testing. 
The increase in adhesion with decreasing degree of crosslinking can be explained by 
taking in to account the number of mobile polymer segments that are able to adhere to 
glass or mica. On the surface of a hydrogel possessing a low degree of crosslinking 
(1 wt-% MBA) there will be many more flexible polymer segments in contact with 
the glass or mica. Therefore more attractive interactions such as van der Waals forces, 
frictional forces, electrostatic and hydrogen bonding between the polymer and the 
surface of the glass or mica can be established. 
In the case of the pMAA hydrogels the pull off adhesion between the hydrogel and 
the soda glass and mica is extremely similar (Fig. 138). However for the pDMEMA 
hydrogels this is clearly not the case. The adhesion of glass to the pDMEMA 
hydrogel is greater than the adhesion of mica to the pDMEMA hydrogel (Fig 139). 
This is due to mica and soda glass having different surface properties. The sudden 
drop in adhesion between the two surfaces and the pDMEMA hydrogels at 15 wt-5 
crosslinker concentration, is due to a decrease in the number of flexible polymer 
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segments in contact with the glass or mica. In the case of the p(MAA-co-DMEMA) 
hydrogels the 1 wt-% MBA crosslinked sample has a significantly higher adhesion to 
glass and mica than at other crosslinking densities (Fig. 140). This is probably due to 
a considerable amount of flexible polymer chains at the surface of the hydrogel which 
are flexible and can adhere to the glass or mica more strongly. At all other 
crosslinking densities no significant dependence of adhesion on the crosslinker 
concentration is observed. This is primarily due to the adhesion being extremely low 
therefore being at the limits of the sensitivity of the tensiometer (10"^  N). 
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Fig. 138: Pull off adhesion (F/A) between glass & mica substrates & pMAA hydrogels as a 
function of crosslinker concentration 
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9.2.2 Compression modulus of hydrogels/microgels 
The resuhs of compression testing of hydrogels (Chapter 4) show that as the amount 
of crosslinker, and hence the degree of crosslinking of the resulting hydrogels 
increases, the compression modulus of the hydrogel blocks increases (Fig. 56). The 
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effect of swelling on the compression modulus was also investigated in Chapter 4. In 
the case of pMAA (Fig. 58) and pDMEMA (Fig. 57) hydrogels, as the degree of 
swelling increases the compression modulus decreased indicating that the gels 
become weaker. In the case of the copolymer p(MAA-co-DMEMA) hydrogels (Fig. 
59), above pH 8 the gels fragmented. As the pH is decreased and the hydrogels swell, 
an increase in the compression modulus is observed. This indicates that the structure 
of the gel weakens with increasing pH and the fluid loss capabilities may be reduced 
above pH 8. The results were discussed in detail in Chapter 4. 
9.2.3 Microgel properties 
The size and volume of microgels as a function of pH was investigated and discussed 
in Chapter 6. Figs. 141-143 show the particle size as a function of crosslinker 
concentration for pMAA, pDMEMA and p(MAA-co-DMEMA) microgels at pH 2.5, 
7 and 10. In general pMAA microgels swell at high pH and are collapsed below pH 
4. The opposite is true for pDMEMA microgels. p(MAA-co-DMEMA) microgels 
swell at both low and high pH values and have a minimum particle size at 
approximately pH 8. In general as the crosslinker concentration of the microgels was 
decreased the maximum size in the swollen state increased. The ^-potential of the 
microgels was investigated and discussed in chapter 6. These results should be 
considered when discussing filtration results. 
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Fig. 141: Particle size as a function of crosslinker concentration of pMAA microgels at pH 2.5, 7 
and 10. 
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Fig.142: Particle size as a function of crosslinker concentration of pDMEMA microgels at pH 2.5, 
7 and 10. 
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Fig. 143: Particle size as a function of crosslinker concentration of p(MAA-co-DMEMA) 
microgels at pH 2.5, 7 and 10. 
9.3 Model reservoir and filtration results 
9.3.1 Model reservoir characterisation 
9.3.1.1 Pore diameter of the filter bed 
The interstitial space between spherical particles when packed together can be defined 
as a system of pores or capillaries. The average pore diameter through the glass bead 
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filter bed was determined by a liquid displacement technique The minimum 
diameter of the largest interconnected pore equivalent to a cylindrical pore of the 
same dimensions through the packed glass bed was determined to be 48.3 ± 5.7|im. 
Assuming that all glass particles are monodisperse a simple calculation to determine 
the theoretical pore diameter between three identical two dimensional circles is 
possible. If the packing is assumed to be the maximum packing possible, (i.e. 
hexagonal packing), then the packing fraction of the circles is n divided by Vl2 which 
was determined by Gauss in the early 1800s. The area left unoccupied between the 
three circles of 106 |im can be calculated. Assuming the unoccupied area is a circle 
we can calculate the theoretical pore diameter. This simple calculation gives a 
theoretical minimum pore diameter of 24 |im. Therefore the range of pore diameters 
of the glass bead filter bed is approximately 2 4 - 5 0 {nm. 
9.3.1.2 Surface characterisation of the glass beads 
Streaming potential measurements were carried out to determine the ^-potential of the 
three types of glass beads (A-C) used to make up model reservoirs across the pH 
range (Fig. 144). The type A glass beads had an isoelectric point of 7.3. The positive 
plateau value was 30 mV and the negative plateau value was approximately -45 mV. 
The isoelectric point of the type B beads is significantly lower at pH 4.1. These beads 
have a negative plateau value of -22 mV. The beads coated with a hydrophobic silane 
by the manufacturer (type C) also displayed a low isoelectric point of 4.7. They had a 
negative plateau value of-30 mV between pH 7 and 10. 
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Fig. 144: ^-potential as a function of pH for all three types of packed glass bead beds 
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9.3.1.3 Wettability of the glass beads 
The wettabiUty of the packed beds of glass beads was determined by capillary rise 
measurements. The type A and type B glass beads have low but similar contact 
angles which highlights that they are both rather hydrophilic (Table 9). However the 
silane coated type C beads have a large contact angle exceeding 90° indicating that 
they are significantly more hydrophobic than the other two types of beads. The 
precise value of the contact angle could not be determined for the type C beads 
because water does not imbibe into the glass bead bed. 
Table 9: Advancing contact angles of water on glass beads used for the model reservoirs as 
determined by capillary rise measurements 
Glass beads Advancing Contact Angle f°l 
A 29 ± 1.0 
C >90 
B 26 ± 1.3 
The type A and type B beads allow the investigation into how the surface chemistry 
of the glass beads affects the interactions between microgels with differently charged 
glass surfaces and hence the filtration behaviour, while having the same wettability. 
Comparison between type B and type C beads allows the investigation into how the 
wettability of the glass beads affects the filtration behaviour of microgel suspensions 
through a porous medium while maintaining a similar surface charge on the glass 
beads. The three types of glass beads are classified in Table 10 and will be referred to 
by their classifications throughout this Chapter. 
Table 10: Glass bead classification 
Glass Beads Classification 
A Hydrophilic/Amphoteric 
B Hydrophilic/ Acidic 
C Hydrophobic/Acidic 
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9.4 Filtration parameters 
The pMAA, pDMEMA and p(MAA-co-DMEMA) microgels with varying 
crosslinking densities were filtered through the model reservoir at pH = 2.5, 7.0, and 
10 under 1 bar nitrogen pressure through hydrophihc/acidic glass beads (10 g). The 
pMAA, pDMEMA and p(MAA-co-DMEMA) microgels crosslinked with 10 wt-% 
MBA were then filtered through the modified glass beads. To enable the quantitative 
comparison of the filtration behaviour of the microgels through different porous 
media, T50 was defined as the time at which 50 g (approximately 50%) of the 
suspension passed through the porous medium. 
9.5 Microgel filtration through model reservoirs 
9.5.1 Filtration of pMAA microgels 
The mass of filtrate versus time curves for the pMAA microgel suspensions with 1-15 
wt-% MBA at pH = 2.5, 7.0 and 10 are shown in Figs. 145-148. Table 11 summarises 
the average T50 values of all 4 pMAA samples at each of the three pH values. Upon 
the application of pressure, the mass of filtrate as a function of time curve (Figs. 145-
148) increases steeply. This is due to the formation of a "filter cake" of microgel 
particles. Once a "filter cake" has been formed a reduction of filtrate flow is observed 
due to a reduction in the permeability of the porous media as water has to diffuse 
through the microgel "filter cake". 
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Fig. 145: Filtrate mass against time for pMAA microgels crosslinked with 15 wt-% MBA filtered 
through a model reservoir of hydrophilic/amphoteric glass beads 
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Fig. 146; Filtrate mass against time for pMAA microgels crosslinked with 10 wt-% MBA filtered 
through a model reservoir of hydrophilic/amphoteric glass beads 
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Fig. 147: Filtrate mass against time for pMAA microgels crosslinked with 4 wt-% MBA filtered 
through a model reservoir of hydrophilic/amphoteric glass beads 
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Fig. 148: Filtrate mass against time for pMAA microgels crosslinked with 1 wt-% MBA filtered 
through a model reservoir of hydrophilic/amphoteric glass beads 
T50 increases dramatically with decreasing crosslinker concentration. This can be 
explained by considering the following factors; the lower the crosslinker 
concentration the larger the microgel particles when swollen (Figs. 76-77) and 
therefore the microgel particles can block the pores between the glass beads in the 
filter bed more easily. The total volume of microgels in the suspension is also larger 
and therefore they form a thicker filter cake on top of the glass bead filter bed. The 
flow of water through the filter bed is therefore reduced. The adhesion between the 
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hydro gel and glass slide decreases with increasing crosslinking density (Fig. 138). 
However as the crosslinker concentration is decreased the compression modulus of 
the microgels (Fig. 58) decreases making it easier to deform the microgel particles 
therefore making them less effective at blocking pores as they could distort and 
squeeze through pores. However it appears that the effect of the particle size 
dominates resulting in an increased T50. 
Table 11: Summary of T50 values for pMAA microgel suspensions at different pH values filtered 
through a model reservoir consisting of hydrophilic/amphoteric glass beads 
Crosslinker T50 at pH = 2.5 (s) T50 at pH = 7 (s) T50 at pH = 10 (s) 
concentration (wt-
% MBA) 
15 410 ±20 2100±100 2800±340 
10 850 ± 2 6400 ± 420 5500 ±670 
4 1000±100 8900±100 4500 ± 440 
1 1150 ±220 28000 ± 270 19200 ±520 
Each of the four pMAA microgel suspensions with varying crosslinker concentration 
were filtered at pH = 2.5, 7.0 and 10. At pH = 2.5 T50 is considerably smaller for each 
of the crosslinking densities than at pH 7 or pH 10. This can explained in terms of the 
swelling behaviour of the microgels. At pH 2.5 the microgels are in a collapsed state 
(Fig. 141) and therefore both the thickness of the filter cake and the diameter of the 
particles are much bigger at all other pH values. The filter cake is thinner at pH 2.5 
and water can permeate through the filter bed more easily and faster. 
When comparing the T50 values at pH 7 and 10 both the swelling and ^-potentials of 
the glass beads and microgels need to be taken into account. For the highly 
crosslinked systems 4-15 wt-% MBA (Fig. 141) the average particle size at pH 10 is 
larger than at pH 7. At pH 10 the thickness of the filter cake will be greater hence the 
flow of water will be reduced, therefore one would expect the T50 values to be larger 
at pH 10 than at pH 7. This is the case for the highly crosslinked sample (15 wt-% 
MBA) but not in the lower crosslinked samples (10 wt-% MBA and 4 wt-% MBA). 
The microgel suspensions with 1 wt-% MBA have a larger mean particle size at pH 7 
than 10 (Fig. 141). Therefore the higher T50 at pH 7 is due to the thicker filter cake 
that formed above the glass bead bed. 
For the microgels crosslinked with 4 wt-% MBA and 10 wt-% MBA, the charge on 
the surface of the glass beads and microgels as well as the compression modulus of 
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the microgels need to be taken into account. At pH 10 both the glass beads and the 
microgels are negatively charged and therefore will repel one another. However at 
pH 7 the glass beads are positively charged but the microgels remain negatively 
charged. Therefore strong attraction between the opposite charges occurs and the 
microgels can be expected to adhere more strongly to the glass beads than at pH 10. 
Since the attraction between the microgels and the glass beads is stronger, pressurised 
water will be prevented from flowing through the blocked pores and T50 will increase. 
The compression modulus of the pMAA microgels at pH 10 is smaller than that at pH 
7 (Fig. 58), therefore the microgels at pH 10 will deform more easily therefore not 
blocking the pores as effectively as the more rigid microgels at pH 7. A combination 
of theses two factors explains why T50 is larger at pH 7 than at pH 10 for the pMAA 
microgels crosslinked with 4 & 10 wt-% MBA.. 
9.5.2 Filtration behaviour of pDMEMA microgels 
The filtrate mass versus time curves for the pDMEMA microgel suspensions 
crosslinked with 4-15 wt-% MBA at pH = 2.5, 7.0 and 10 are shown in Figs.149-152. 
Table 12 summarises the average T50 values of the pDMEMA microgels at the three 
different pH values. The filtrate of the pDMEMA microgels crosslinked with 1 wt-% 
MBA did not reach 50g even after 3 days at any of the pH values. Their mass as a 
function of time curves reached a plateau at less than 50g. A water impermeable filter 
cake formed on the glass beads therefore preventing water from flowing through the 
filter bed (Fig. 152) 
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Fig. 149: Filtrate mass against time for pDMEMA microgels crosslinked with 15 wt-% MBA 
filtered through a model reservoir of hydrophilic/amphoteric glass beads 
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Fig. 150: Filtrate mass against time for pDMEMA microgels crosslinked with 10 wt-% MBA 
filtered through a model reservoir of hydrophilic/amphoteric glass beads 
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Fig. 151: Filtrate mass against time for pDMEMA microgels crosslinked with 4 wt-% MBA 
filtered through a model reservoir of hydrophilic/amphoteric glass beads 
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Fig. 152 : Filtrate mass against time for pDMEMA microgels crosslinked with 1 wt-% MBA 
filtered through a model reservoir of hydrophilic/amphoteric glass beads 
The interpretation of the T50 values for the pDMEMA microgels is much more 
complicated than for the pMAA microgel suspensions. In terms of crosslinker 
concentration the microgels with the lowest degree of crosslinking (1 wt-% MBA) 
have the highest T50 followed by those crosslinked with 4 wt-% MBA which can be 
explained by the extent to which the particles swell. However the most crosslinked 
microgels generally have higher T50 values than the 10 wt-% MBA crosslinked 
samples. This can be explained by taking into account the compression modulus of 
the hydrogels. The amount of swelling of the microgels crosslinked with 10 wt-% 
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MBA and 15 wt-% MBA microgels is very similar therefore one would expect the T50 
values to be similar. However the microgels crosslinked with 15 wt-% MBA have a 
compression modulus that is approximately twice as high as the 10 wt-% MBA 
crosslinked microgels. Therefore the pDMEMA microgels crosslinked with 15 wt-% 
MBA form a similar sized filter cake as the 10 wt-% MBA microgels but it is twice as 
strong. Therefore under pressure the pDMEMA microgels crosslinked with 15 wt-% 
MBA are less likely to deform and will block pores between the glass beads more 
effectively than the microgels with 10 wt-% MBA. 
Table 12: Summary of T50 values for pDMEMA microgel suspensions at different pH values 
filtered through a model reservoir consisting of hydrophilic/amphoteric glass beads 
Crosslinker Tso atpH = 2.5 (s) T50 at pH = 7 (s) T50 at pH = 10 (s) 
concentration (wt-
% MBA) 
15 720 ± 40 300±20 1400±100 
, 10 220±2 330 ± 8 0 330 ± 2 0 
4 81800±10500 68000±1100 11600±100 
In the case of the pDMEMA microgels with 4 wt-% MBA crosslinker concentration 
the dominant factor determining the T50 value is the amount of swelling at each pH 
value. The average particle size is largest at pH 2.5 and lowest at pH 10 (Fig. 142), 
therefore a larger filter cake is formed at low pH rather than at higher pH values 
resulting in larger T50 values at low pH values. The same would have been expected 
for the microgels crosslinked with 10 wt-% MBA and 15 wt-% MBA but this is 
clearly not the case. 
In the case of the microgels crosslinked with 10 wt-% MBA the T50 values at pH 7 
and 10 are similar and at pH 2.5 are significantly less than the 15 wt-% MBA 
microgels. The change in particle size as a function of pH (Fig. 142) is very small 
due to the relatively high crosslinker concentration. The significantly lower T50 value 
at pH 2.5 could be due to both the glass beads and the microgels being very positively 
charged therefore repelling one another which reduces adhesion. The ^-potential of 
the microgels (Fig. 93) and glass beads (Fig. 144) are significantly higher at pH 2.5 
than at any other pH. Also the compression modulus of the microgels at pH 2.5 is 
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significantly lower than at pH 7 or 10. Therefore the microgels can deform more 
easily and are not capable of withstanding the applied water pressure. 
The T50 value of the pDMEMA microgels with 15 wt-% MBA crosslinker 
concentration at pH 2.5 is significantly higher than at pH 7 which can be explained by 
considering their particle size as a function of pH (Fig. 142). However, T50 at pH 10 
is higher than at pH 2.5 and pH 7. The particle size is similar to that of the microgels 
at pH 7 (Fig. 142) therefore one would expect a similar T50 value which is not the 
case. When considering the effect of surface charge of the microgels and the glass 
beads the only difference is that at pH 10 both are negatively charged where as at pH 
2.5 and 7 both are positively charged. However at pH 10 the compression modulus of 
the microgels is higher than at pH 7 resulting in less deformability of the microgels 
and an increased ability to block pores. Although the adhesion between the microgels 
and the glass beads will be less at pH 10, it appears that in this case the rigidity of the 
gels is the dominating factor controlling the fluid loss. 
9.5.3 Filtration behaviour of p(MAA-co-DMEMA) microgels 
The filtrate mass versus time curves for the p(MAA-co-DMEMA) microgels 
crosslinked with 1-15 wt-% MBA at pH = 2.5, 7.0 and 10 are shown in Figs. 153-156. 
Table 13 summarises the average T50 values of the synthesised p(MAA-co-DMEMA) 
samples at all 3 pH values. 
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Fig. 153: Filtrate mass against time for p(MAA-co-DMEMA) microgels crosslinked with 15 wt-
% MBA filtered through a model reservoir of hydrophilic/amphoteric glass beads 
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Fig. 154: Filtrate mass against time for p(MAA-co-DMEMA) microgels crosslinked with 10 wt-
% MBA filtered through a model reservoir of hydrophilic/amphoteric glass beads 
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Fig. 155: Filtrate mass against time for p(MAA-co-DMEMA) microgels crosslinked with 4 wt-% 
MBA filtered through a model reservoir of hydrophilic/amphoteric glass beads 
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Fig. 156: Filtrate mass against time for p(MAA-eo-DMEMA) microgels crosslinked with 1 wt-% 
MBA filtered through a model reservoir of hydrophilic/amphoteric glass beads 
In the case of the p(MAA-co-DMEMA) microgel system, the T50 values obtained for 
the microgels crosslinked with 1 wt-% MBA can be explained by considering the 
swelling behaviour of the microgels. At pH 7 the microgels are in a collapsed state, 
therefore the effective volume of the microgels and therefore the size of the filter cake 
are significantly reduced. This results in the T50 value being significantly smaller than 
the T50 value of the microgels at higher or lower pH values which are in a swollen 
state. The T50 values of the microgels crosslinked with 4-15 wt-% MBA are all 
significantly lower than the microgels crosslinked with 1 wt-% MBA due to a lower 
degree of swelling. 
Table 13: T50 values for p(MAA-co-DMEMA) microgel suspensions at different pH values 
Crosslinker 
concentration (wt-
% MBA) 
Tso atpH = 2.5 (s) T50 at pH = 7 (s) T50 atpH = 10 (s) 
15 60 ±5 1200 ± 6 0 2730 ± 8 0 
10 90± 10 250 ±30 540 ±200 
4 70 ± 2 130 ± 2 0 610 ±250 
1 136000 ±900 2700 ± 70 83600 ± 280 
The T50 values (Table 13) of the p(MAA-co-DMEMA) microgels crosslinked with 4-
15 wt-% MBA do not follow the swelling behaviour of the microgels with regard to 
pH (Fig. 143). At pH 2.5 all three crosslinking densities T50 values are lower than at 
pH 7 and 10 even though they have the largest average particle size and the highest 
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compression moduli. At pH 2.5 both the glass beads and the p(MAA-co-DMEMA) 
microgels crosslinked with 4-15 wt-% MBA have high positive ^-potentials and 
therefore repel one another which reduces adhesion. At pH 7 the ^-potential of the 
microgel particles at all crosslinking densities is significantly reduced and so would 
any repulsion between microgels and glass beads. However at pH 10 both the 
surfaces of the microgels and the glass beads are negatively charged but the T50 values 
are higher at this pH than any other. Above pH 8 the p(MAA-co-DMEMA) 
hydrogels were found to break apart. The high T50 values at pH 10 can be explained 
because the microgels are swollen. The low T50 at pH 7 can also be explained by the 
swelling behaviour of the microgels, as they are in a collapsed state. It is however, not 
clear which factors are dominating the filtration behaviour of the microgels 
crosslinked with 4-15 wt-% MBA at pH 2.5. 
9.6 Filtration behaviour of microgels through modified 
model reservoirs 
pMAA, pDMEMA and p(MAA-co-DMEMA) microgel suspensions all crosslinked 
with 10 wt-% MBA were filtered through modified model reservoirs consisting of 
hydrophilic/acidic or hydrophobic/acidic glass beads. This allowed the effect of the 
surface properties of the reservoir on the filtration behaviour of the microgel 
suspensions to be determined. The filtration tests were carried out at pH 2.5, 7 and 
10. 
9.6.1 Filtration behaviour of pMAA microgel suspensions through 
modified reservoirs 
Figs. 157-158 show the filtrate mass as a function of time for pMAA microgel 
suspensions filtered through hydrophilic/acidic and hydrophobic/acidic glass beads at 
different pH values. 
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Fig. 157: Filtrate mass as a function of time for pMAA microgels crosslinked with 10 wt-% MBA 
filtered through a model reservoir of hydrophilic/acidic glass beads 
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Fig. 158: Filtrate mass as a function of time for pMAA microgels crosslinked with 10 wt-% MBA 
filtered through a model reservoir of hydrophobic/acidic glass beads 
The Tso values obtained for the pMAA microgel filtration through all modified glass 
beads at pH 2.5 are smaller than at pH 7 or 10 irrespective of the surface character of 
the glass bead bed. The microgels are collapsed so the resulting filter cake is 
considerably smaller at this pH than at higher pH values. The particle size of the 
microgels at pH 10 is larger than at pH 7 therefore it would be expected that T50 
would be higher at pH 10 than at pH 7. This is the case for the hydrophilic/acidic 
glass beads but not for the hydrophilic/amphoteric or hydrophobic/acidic glass beads. 
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This can be explained by considering the surface characteristics of the microgels and 
glass beads as well as the swelling behaviour of the microgels. The ^-potential of the 
pMAA microgels at pH 7 and 10 is -42 mV and -45 mV, respectively. The 
potential of the hydrophilic/acidic beads at pH 7 and 10 are -26 mV and -28 mV, 
respectively. Therefore in the case of the hydrophilic/acidic glass beads repulsion 
between the glass beads and microgel particles will occur at both pH 7 and 10. The 
difference of the ^-potentials between microgels and glass beads are very similar, so 
the difference in the filtration behaviour has to be explained by the swelling behaviour 
of the microgel particles. At pH 10 the microgels swell more and T50 is therefore 
larger. 
In the case of the hydrophilic/amphoteric glass beads, at pH 10 both the glass beads 
and the microgels are highly negatively charged and therefore repel one another. At 
pH 7 the hydrophilic/amphoteric glass beads are positively charged and the microgels 
are negatively charged resulting in attraction between them and therefore increased 
adhesion. T50 for the pMAA microgels filtered through the hydrophilic/amphoteric 
beads is therefore larger at pH 7 than at pH 10 due to the increased adhesion between 
the glass beads and the microgel particles. 
Table 14: T50 values for pMAA microgel suspensions at different pH values filtered through 
modified model reservoirs 
Beads Tso atpH = 2.5 (s) Tso at pH = 7 (s) Tso atpH = 10 (s) 
Hydrophilic/amphoteric 850 ± 2 6400 ± 420 5500 ± 670 
Hydrophilic/acidic 300 ± 5 0 6700 ± 540 7300 ± 750 
Hydrophobic/acidic 100 ± 3 0 9400 ± 840 7600 ± 2800 
Both the hydrophobic/acidic and hydrophilic/acidic glass beads have negative 
potentials and therefore the main contributing factor to any difference in T50 values at 
a given pH can only be explained by the varying degree of wettability of the glass 
beads. The hydrophobic/acidic beads have a contact angle exceeding 90° but the 
hydrophilic/acidic beads have a contact angle of 26°. It is possible that microgel 
particles adsorb on to the hydrophobic glass beads and release any water in contact 
with the hydrophobic glass bead. This could lead to significant adhesion to the 
hydrophobic/acidic glass beads, hence resulting in an increased T50. 
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9.6.2 Filtration behaviour of pDMEMA microgel suspensions 
through modified model reservoirs 
Figs. 156-157 show the filtrate mass as a function of time for pDMEMA microgel 
suspensions crosslinked with 10 wt-% MBA. The model reservoirs consisted of either 
hydrophilic/acidic or hydrophobic/acidic glass beads. The filtrations were carried out 
at three different pH values. Table 15 gives T50 values of all pDMEMA microgel 
suspensions crosslinked with 10 wt-% MBA filtered through the model reservoirs. 
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Fig. 159: Filtrate mass as a function of time for pDMEMA microgels crosslinked with 10 wt-% 
MBA filtered through a model reservoir of hydrophilic/acidic glass beads 
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Fig. 160: : Filtrate mass as a function of time for pDMEMA microgels crosslinked with 10 wt-% 
MBA filtered through a model reservoir of hydrophobic/acidic glass beads 
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Tso values for the pDMEMA microgels filtered through all three types of glass beads 
are clearly not dependent on the average particle size of the microgel particles, since 
the T50 value does not increase with decreasing pH. With regards to the 
hydrophilic/acidic beads, the T50 at all three pH values tested is nearly identical and 
therefore indicating that for hydrophilic/acidic beads T50 for pDMEMA microgels is 
independent of pH. It is also worth noting the mass/time curve is linear and there is 
no evidence of a filter cake being formed. This suggests that the microgels are simply 
flowing through the porous media without significant interactions. T50 values for 
pDMEMA microgel suspensions filtered through hydrophilic/acidic beads are the 
smallest for all samples indicating that they are very poor at preventing water loss. 
Both the hydrophilic/amphoteric and hydrophobic/acidic beads have low T50 values at 
pH 2.5 with higher values at pH 7 and 10. As described in Chapter 4 the compression 
modulus of pDMEMA hydro gels decreases with increasing swelling (Fig. 57). This 
could explain why T50 values of the hydrophilic/amphoteric and hydrophobic/acidic 
beads increases with increasing pH. As the particles swell they are more easily 
deformable and can not withstand the applied water pressure. Therefore the filter 
cake is weaker and water flows through more easily. It is not clear however why the 
hydrophilic/acidic beads T50 value is independent of pH, however it could be due to 
the polymer having a very low affinity to the glass bead surface. 
Table 15: T50 values for pDMEMA microgel suspensions at different pH values filtered through 
modified model reservoirs 
Beads Tso atpH = 2.5 (s) Tso at pH = 7 (s) Tso at pH = 10 (s) 
Hydrophilic/ Amphoteric 220 ± 2 330 ±80 330 ± 2 0 
Hydrophilic/Acidic 45 ± 3 43 ± 4 44 ± 2 
Hydrophobic/Acidic 120 ± 1 250 ± 3 0 300 ± 20 
9.6.3 Filtration behaviour of p(MAA-co-DMEMA) microgel 
suspensions through modified model reservoirs 
Figs. 161-162 show the filtrate mass as a function of time for p(MAA-co-DMEMA) 
microgel suspensions filtered through hydrophilic/acidic and hydrophobic/acidic glass 
beads at different pH values. Table 16 summarises the average T50 values of all the 
p(MAA-co-DMEMA) microgels crosslinked with 10 wt-% MBA. 
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Figure 161: Filtrate mass as a function of time for p(MAA-co-DMEMA) microgels crosslinked 
with 10 wt-% MBA filtered through a model reservoir of hydrophilic/acidic glass beads 
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Figure 162: Filtrate mass as a function of time for p(MAA-co-DMEMA) microgels crosslinked 
with 10 wt-% MBA filtered through a model reservoir of hydrophobic/acidic glass beads 
T50 values for the p(MAA-co-DMEMA) microgels filtered through the 
hydrophilic/acidic and hydrophobic/acidic glass beads follow the swelling behaviour 
of the microgels. The smallest average particle size of the microgels (Fig. 143) is at 
pH 7 and this also corresponds to the smallest T50. At pH 2.5 and 10 the T50 value is 
higher due to a larger filter cake being formed. This is not the case when the p(MAA-
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co-DMEMA) microgels are filtered through hydrophilic/amphoteric glass beads 
explained previously. 
Table 16: T50 values for p(MAA-co-DMEMA) microgel suspensions at different pH values 
filtered through modified model reservoirs 
Beads T50 at pH = 2.5 (s) T 5 0 at pH = 7 (s) T50 atpH = 10 (s) 
Hydrophilic/Amphoteric 9 0 ± 10 250 ± 30 540 ± 200 
Hydrophilic/Acidic 90 ±20 50 ± 1 500 ± 3 0 
Hydrophobic/Acidic 380 ±70 100 ± 10 180 ±20 
9.7 Conclusions 
It has been demonstrated that microgels made by the mechanical cutting technique are 
effective at reducing fluid loss through porous media. The effect of various microgels 
with different degrees of crosslinking on retarding the fluid loss rate through a model 
reservoir was investigated. It was also demonstrated that the rate of fluid loss can be 
controlled by altering the pH of the suspension. This shows that the fabricated 
microgels have potential for use in fluid loss control applications. The adhesion tests 
show that as the crosslinker concentration of the hydrogel increases the adhesion to 
glass or mica decreases. In highly crosslinked hydrogels there will be less flexible 
polymer chains at the surface of the gel and therefore less contact with the glass or 
mica. On the surface of a low crosslinked hydrogel there will be many more flexible 
polymer segments in contact with the glass or mica. 
The rate of fluid loss through the porous media is dependent on the suiface properties 
of the porous media, such as the hydrophilicity and surface charge. The effectiveness 
of the microgels to reduce fluid loss through a porous medium is dependent on several 
factors that are often interrelated with one another. The most significant factor is the 
size of the microgel particles which determines the thickness of the filter cake. This 
in turn is dependent on the crosslinker concentration of the microgel particles. 
However as the microgels swell, they become less rigid and their effectiveness to 
block pores decreases if significantly swollen. The adhesion between the surfaces of 
the microgels and the porous media plays an important role on the fluid loss 
capabilities of the microgel suspensions. The adhesion of microgels to the glass beads 
is dependent on the surface charges of both the microgels and the glass beads but also 
on the hydrophilicity of the porous medium 
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Chapter 10: Conclusions and further 
work 
The aim of this work was to devise a method for the preparation of p,m sized stimuh 
sensitive gels for potential oil field applications. A new simple and cost effective 
method has been devised in which bulk hydrogels are mechanically cut into |im sized 
particles. The process involves no surface active agents. The particle dimensions can 
be easily tailored by altering the speed or duration of cutting. The effect of the 
duration and speed of cutting on the particle size distribution has been determined. 
The hydrogels used to make the microgels were either polyelectrolyte or 
polyampholyte gels and were therefore pH sensitive. Temperature sensitive pNIPAM 
microgels were also synthesised. This resulted in |im sized particles which swell or 
collapse with changing pH or temperature. 
The rheology of the polyelectrolyte and polyampholyte microgels was dependent on 
the pH of the suspension. The rheology of the pNIPAM based microgels was 
dependent on temperature. This allows for the viscosity of the suspension to be 
tailored by altering the pH or temperature. The microgel suspensions were shown to 
reduce fluid loss through model reservoir systems. pH was demonstrated to be a 
useful switch to control the rate of the fluid loss through model reservoir systems. 
The mechanical properties of the hydrogels were determined. The effect of 
crosslinker concentration and swelling degree on the adhesion of hydrogels to glass 
and mica was also characterised. 
10.1 Summary of results and conclusions 
Linear polyelectrolytes pMAA, pDMEMA and the polyampholyte p(MAA-co-
DMEMA) were synthesised and characterised using rheological measurements. 
Linear pMAA showed a significant increase in viscosity above pH 5, where as linear 
pDMEMA showed a significant increase in viscosity below pH 8. The 
polyampholyte p(MAA-co-DMEMA) showed a minimum viscosity at approximately 
pH 8. However, upon increasing or decreasing the pH from pH 8 an increase in the 
viscosity was observed. These observations can be explained by taking into account 
the charges on the linear polymers and the expansion of polymer coils. 
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Once the linear polyelectrolytes had been synthesised and characterised, hydrogels 
crosslinked with MBA were synthesised. The monomers used for the hydrdgels were 
the same as the ones used for the linear polyelectrolytes. pMAA, pDMEMA and 
p(MAA-co-pDMEMA) cylindrical hydrogels crosslinked with various concentrations 
of MBA were synthesised and the effect of pH on their swelling was investigated. 
The pMAA hydrogels exhibited an increase in both volume and mass above pH 3 
with a maximum occurring at pH 11. On the contrary pDMEMA hydrogels shrunk 
with increasing pH resulting in a decrease in both the mass and volume of the 
hydrogels. For the p(MAA-co-DMEMA) hydrogels a minimum mass and volume 
was observed at pH 8. However, above pH 8 the hydrogels fragmented after 48 h. The 
lower the degree of crosslinking of the hydrogel the larger change in volume and mass 
observed. 
This was followed by a series of temperature and pH sensitive hydrogels consisting of 
pNIPAM with MAA, DMEMA or both incorporated into them. p(NIPAM-co-MAA) 
demonstrated an increase in both volume and mass with increasing pH. As the pH of 
the p(NIPAM-co-DMEMA) hydrogels decreased, an increase in both mass and 
volume was observed. However, at high pH values (>pH 11) an increase in mass and 
volume is also observed. This could possibly be due to base catalysis of the ester 
group within the DMEMA repeating units resulting in the formation of carboxyl 
groups. The p(NIPAM-co-MAA-co-DMEMA) hydrogels demonstrated a minimum 
swelling between pH 7 and pH 9. At pH values above and below the observed 
minimum, the degree of swelling increased with changing pH. As seen in the previous 
systems the lower the crosslinker concentration the larger the extent to which the gels 
swell. p(NIPAM-co-MAA), p(NIPAM-co-DMEMA) and p(NIPAM-co-MAA-co-
DMEMA) hydrogels were shown to undergo a volume phase transition at 
temperatures between 30-50°C. The volume and mass of the lower crosslinked 
hydrogels (1 and 4 wt-% MBA) were observed to decrease the most on increasing 
temperature. This can be explained by considering the number of crosslinks present 
and therefore the ability of the hydrogel to withstand collapse. 
The adhesion between the hydrogels and model substrates were quantified. It was 
found that as the crosslinker concentration of the hydrogel increases the adhesion to 
glass or mica decreases. In a highly crosslinked hydrogel there will be less flexible 
polymer segments at the surface of the gel and therefore less contact with the glass or 
mica. On the surface of a low crosslinked hydrogel there will be much more flexible 
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polymer segments in contact with the glass or mica and therefore more interactions 
such as van der Waals and hydrogen bonds between the polymer and the surface of 
the glass or mica. 
The ability of the hydrogels to withstand applied pressure is important for potential 
applications. Therefore the compression modulus of the hydrogels as a function of 
crosslinker concentration was investigated. For the pMAA, pDMEMA and p(MAA-
co-DMEMA) systems the compression modulus increased with increasing crosslinker 
concentration and is comparable to literature values for hydrogels. The compression 
modulus increased due to the increase in the crosslinker concentration which results in 
an increase in the rigidity of the hydrogels. In the case of the pMAA and pDMEMA 
hydrogels, the compression modulus of the gels decreased with increasing swelling. 
The compression modulus of p(MAA-co-DMEMA) hydrogels does the opposite, it 
increases with increasing swelling. Interestingly, as the pH of the p(MAA-co-
DMEMA) hydrogel is increased from 2.5 the compression modulus decreases until 
the point at which the hydrogels break apart (above pH 8). 
Once the hydrogels had been fully characterised a method was developed to 
synthesise microgels of the same composition. High shear mechanical cutting yielded 
surfactant free hydrogel dispersions. The sizes of the resulting microgel particles, 
characterised by light scattering were in the region of 10 to 250 pm. This technique 
allows for the particle size to be controlled by altering the speed of the mechanical 
cutter and/or the duration of cutting. As the speed of the mechanical cutter or the 
duration of cutting is increased the particle size decreases. The lower the degree of 
crosslinking of the hydrogel, the lower the compression modulus, and the larger the 
particle size of the resulting microgel at any given speed or duration of cutting. The 
lower crosslinked and therefore more flexible hydrogels probably deform in the 
mechanical cutter rather than being torn into smaller particles. The time needed for 
these particles to swell upon stimulation was approximately 30-45 seconds. 
The resulting microgel dispersions were characterised by light scattering, rheological 
and ^-potential measurements. The pMAA systems with low crosslinker 
concentration display significant pH dependant viscosities with the viscosity being at 
a maximum between pH 6 and pH 10. At higher pH values the viscosity decreases 
due to an increase in ionic strength and therefore a decrease in particle size of the 
microgel particles due to a reduction in the osmotic pressure. In the highly 
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crosslinked systems there is very little difference in the viscosity at different pH 
values. The pDMEMA systems with low crosslinking densities display pH dependant 
viscosities with the viscosity being at a maximum between pH 7 and pH 3. Below pH 
2 the viscosity decreases due to an increase in ionic strength and therefore a decrease 
in particle size of the dispersions. For the highly crosslinked systems there is very 
little difference in the viscosity with varying pH. 
The p(MAA-co-DMEMA) with a low degree of crosslinking behaves as a 
combination of the pMAA and pDMEMA systems with the viscosity being at a 
maximum at both high and low pH values. The minimum viscosity coincides with the 
point of zero charge which is approximately pH 8. However at very high (pH> 11) 
and very low pH (pH<3) values the viscosity decreases due to an increase in ionic 
strength and therefore a decrease in particle size of the dispersions. Again for the high 
crosslinked systems there is very little difference in the viscosity at different pH 
values. The change in viscosity for the pMAA system is much greater than in the 
pDMEMA system. This is due to pMAA having a larger effect on the viscosity than 
pDMEMA. Effective volume fractions were calculated from the particle size data and 
correspond well with the rheological data. 
All three polymer compositions demonstrated shear thinning behaviour, indicating a 
breakdown of the microstructure of the suspension and the deformation and 
orientation of soft particles in the direction of shear. G' values of pMAA were the 
greatest due to pMAA microgels swelling the more than the other 2 systems. No 
LVR was observed for the pDMEMA system which is primarily due to the pDMEMA 
microgels swelling the least, therefore the microgels are too far apart to experience 
significant interactions and the volume of the microgel phase was too low. The 
p(MAA-co-DMEMA) suspensions had slightly lower G' values than in the pMAA 
and no LVR was observed between pH 7 and 9 when the microgels were in their 
collapsed state. Overall it has been demonstrated that in general the lower the 
crosslinker concentration, the greater the volume change of the dispersed phase and 
therefore the effect of pH on the rheological properties is more dramatic. However if 
the crosslinker concentration is very low mostly linear polymer is formed and 
microgels are not formed. 
The effect of the concentration of ionic groups in polyacrylamide microgels on the 
viscosity of microgel suspensions was investigated. A series of p(AAM-co-AA) 
microgels with varying amounts of AA and crosslinker concentration were used. It is 
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clear that in general the 10 wt-% MBA crosslinked microgel particles have the largest 
difference between the maximum and minimum viscosities. This is due to balancing 
the amount the microgels swell which increases with decreasing crosslinker 
concentration and the rigidity of the microgels which decreases with decreasing 
crosslinker concentration. It is clear to see that the p(AAM75-co-AA25) has the largest 
viscosity. The microgels containing 100, 50 and 75 wt-% AA are similar and are 
approximately double that of the 95 wt-% AA. The 5 wt-% AA and pure AAM have 
very small viscosities when compared to the other systems. This demonstrates that an 
optimum concentration of AA repeating units in a non-ionic gel results in the 
maximum swelling. 
Temperature and pH sensitive microgels were synthesised by incorporating ionic 
groups into temperature sensitive NIP AM. pNIPAM hydro gels containing 10 wt-% 
MBA acidic, basic or both repeating units and varying crosslinker concentration were 
synthesised. The resulting gel blocks were dispersed via a mechanical cutting 
technique. The microgel suspensions with low crosslinker concentration (1 wt-% 
MBA and 4 wt-% MBA) demonstrated pH dependent behaviour. All microgel 
suspensions demonstrated a reduction in viscosity with increasing temperature. 
Above the VPTT of pNIPAM a continued reduction of viscosity was observed in the 
suspensions that were in a swollen state and aggregation was observed in the 
suspensions that were in a collapsed state. The isoelectric point or point of zero 
charge of all microgel suspensions was determined 
It has been demonstrated that microgels synthesised by a mechanical cutting 
technique are effective at reducing fluid loss through a model reservoir system. The 
model reservoir system was composed of a packed bed of glass beads inside a steel 
tube. It has also been shown that the rate of fluid loss can be controlled by altering 
tiie pH of the suspension. 
The rate of flow through porous media is dependent on the properties of both the 
porous media and the microgels. The rate of flow through porous media is dependent 
on the surface properties of the porous media, such as the hydrophilicity and any 
surface charges as well as any surface charges on the gel. The effectiveness of the 
microgels to reduce fluid loss is dependent on several factors that are often 
intertwined with one another. The most significant factor is the size of the microgel 
particles and therefore the thickness of the filter cake. This in turn is dependent on 
the crosslinker concentration of the microgel particles. However as the microgels 
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swell, the pMAA and pDMEMA systems become more deformable and their 
effectiveness to block pores decreases if significantly swollen. The adhesion between 
the surfaces of the microgels and the glass beads plays an important role on the fluid 
loss capabilities of the microgel suspensions. The adhesion is dependent on the 
surface charges of both the microgels and the glass beads but also on the 
hydrophilicity of the porous media. . 
A schematic of the research activities is shown if Fig. 163, the completed parts are 
highlighted. This is a modified version of Fig. 4 from the introduction and shows that 
microgels were synthesised via macrogels. 
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Fig. 163; Schematic of completed research 
10.2 Further work 
This work could be extended by further investigation into the factors that control the 
ability of microgels to prevent fluid loss. The adhesion of a glass bead to hydrogels at 
different pH values and various temperatures would be extremely usefiil. This could 
possibly be achieved by attaching individual glass beads to AFM cantilevers and 
measuring the adhesion forces as the glass bead is pulled off the surface of the 
193 
hydrogel. Modified glass beads could be used to measure the adhesion to with 
varying hydrophilicity and surface charges. 
Glass bead from 
Water 
\ 
AFM Cantilever 
1 1 
/ 
Hydrogel at 
pH = x 
Filtration experiments as a function of temperature would help to understand the 
effect of VPTTs on the effectiveness of microgels to reduce fluid loss. It would also 
be usefiil to study other methods of synthesis of microgels such as grinding in a ball 
mill to discover improved and more cost effective methods of synthesis. The ability 
of the microgel suspensions to carry a load, i.e. a proppant would also be of great 
interest. This could be determined by sedimentation tests. The incorporation of stiff 
polyelectrolyte rods similar to those used by Philippova ^ could be used to increase 
the strength of the microgel particles and help reduce deformation. 
A possible alternative to polyelectrolyte and polyampholyte systems would be the use 
of microgels with stimuli sensitive crosslinking. If linear polymer could be reversibly 
crosslinked and uncrosslinked by the application of an external stimuli, such systems 
could be very useful in oil field applications. 
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